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ABSTRACT 
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Carolynne Lacar Ricardo 
December 2011 
 
Dissertation supervised by Dr. Tomislav Pintauer 
 Copper-catalyzed regeneration in atom transfer radical addition (ATRA) utilizes 
reducing agents, which continuously regenerate the activator (Cu
I
) from the deactivator 
(Cu
II
) species. This technique was originally found for mechanistically similar atom 
transfer radical polymerization (ATRP) and its application in ATRA and ATRC has 
allowed significant reduction of catalyst loadings to ppm amounts. In order to broaden 
the synthetic utility of in situ catalyst regeneration technique, this was applied in copper-
catalyzed atom transfer radical cascade reaction in the presence of free radical diazo 
initiators such as 2,2‘-azobis(isobutyronitrile) (AIBN) and (2,2‘-azobis(4-methoxy-2,4-
dimethyl valeronitrile) (V-70), which is the first part of this dissertation. This 
methodology can be translated to sequential ATRA/ATRC reaction, in which the addition 
v 
of CCl4 to 1,6-dienes results in the formation 5-hexenyl radical intermediate, which 
undergoes expedient 1,5-ring closure in the exo- mode to form 1,2-disubstituted 
cyclopentanes. When [Cu
II
(TPMA)Cl][Cl] complex was used in conjunction with AIBN 
at 60
 0
C, cyclic products derived from the addition of CCl4 to 16-heptadiene, diallyl ether 
and N,N-diallyl-2,2,2-trifluoroacetamide were synthesized in nearly quantitative yields 
using as low as 0.02 mol% of the catalyst (relative to 1,6-diene). Even more impressive 
were the results obtained utilizing tert-butyl-N,N-diallylcarbamate and diallyl malonate 
using only 0.01 mol% of the catalyst. Cyclization was also found to be efficient at 
ambient temperature when V-70 was used as the radical initiator. High product yields 
(>80%) were obtained for mixtures having catalyst concentrations between 0.02 and 0.1 
mol%. Similar strategy was also conducted utilizing unsymmetrical 1,6-diene esters. It 
was found out that dialkyl substituted substrates (dimethyl-2-propenyl acrylate and 
ethylmethyl-2-propenyl acrylate) underwent 5-exocyclization producing halogenated -
lactones after the addition of CCl4 in the presence of 0.2 mol% of [Cu
II
(TPMA)Cl][Cl]. 
Based on calculations using density functional theory (DFT) and natural bond order 
(NBO) analysis, cyclization of 1,6-diene esters was governed by streoelectronic factors. 
As a part of broadening the synthetic usefulness of in situ copper(I) regeneration, 
scope was further extended to sequential organic transformations. Based on previous 
studies, copper(I) catalyzed [3+2] azide-alkyne cycloaddition is commonly conducted via 
in situ reduction of Cu
II
 to Cu
I
 species by sodium ascorbate or ascorbic acid. At the same 
time, ATRA reactions have been reported to proceed efficiently via in situ reduction of 
Cu
II
 complex to the activator species or Cu
I
 complex has been fulfilled in the presence of 
ascorbic acid. Since the aforementioned reactions share similar catalyst in the form of 
vi 
copper(I), a logical step was taken in performing these reactions in one-pot sequential 
manner. Reactions involving azidopropyl methacrylate and 1-(azidomethyl)-4-
vinylbenzene in the presence of a variety of alkynes and alkyl halides, catalyzed by as 
low as 0.5 mol-% of [Cu
II
(TPMA)X][X] (X=Br
-
, Cl
-
) complex, proceeded efficiently to 
yield highly functionalized (poly)halogenated esters and aryl compounds containing 
triazolyl group in almost quantitative yields (>90%). Additional reactions that were 
carried out utilizing tri-, di- and monohalogenated alkyl halides in the ATRA step 
provided reasonable yields of functionalized trriazoles. A slightly different approach 
involving a ligand-free catalytic system (CuSO4 and ascorbic acid) in the first step 
followed by addition of the TPMA ligand in the second step was applied in the synthesis 
of polyhalogened polytriazoles. Sequential reactions involving vinylbenzyl azide, 
tripropargylamine and polyhalogenated methane (CCl4 and CBr4) provided the desired 
products in quantitative yield in the presence of 10 mol% of the catalyst. Modest yields of 
functionalized polytriazoles were obtained from the addition of less active tri- and 
dihalogenated alkyl halides utilizing the same catalyst loading. 
The last part focuses on copper(I) complexes, which were used catalysts in 
cyclopropanation reaction. One class represented cationic copper(I)/2,2-bipyridine 
complexes with -coordinated styrene [CuI(bpy)(-CH2CHC6H5)][A] (A = CF3SO3
-
 (1) 
and PF6
-
 (2) and ClO4
-
 (3). Structural data suggested that the axial coordination of the 
counterion in these complexes observed in the solid state weak to non-coordinating 
(2.4297(11) Å 1, 2.9846(12) Å 2, and 2.591(4) Å 3). When utilized in cyclopropanation, 
complexes 1-3 provided similar product distribution suggesting that counterions have 
negligible effect on catalytic activity. Furthermore, the rate of decomposition of EDA in 
vii 
the presence of styrene catalyzed by 3 (kobs=(7.7±0.32)10
-3
 min
-1
) was slower than the 
rate observed for 1 (kobs=(1.4±0.041)10
-2
 min
-1
) or 2 (kobs=(1.0±0.025)10
-2
 min
-1
). On 
the other hand, tetrahedral copper(I) complexes with bipyridine and phenanthroline based 
ligands have been reported to have strongly coordinated tetraphenylborate anions.  
Cu
I
(bpy)(BPh4), Cu
I
(phen)(BPh4) and Cu
I
(3,4,7,8-Me4phen)(BPh4) complexes are the 
first examples in which BPh4
-
 counterion chelates a transition metal center in bidentate 
fashion through 2 -interactions with two of its phenyl rings. The product distribution 
revealed that the mole percent of trans and cis cyclopropanes were very similar. The 
observed rate constants (kobs) shown in for decomposition of EDA in the presence of 
externally added styrene were determined to be kobs=(1.5±0.12)10
-3
 min
-1
,  
(6.8±0.30)10-3 min-1 and (5.1±0.19)10-3 min-1.  
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1 
Chapter 1  
Introduction 
 
In recent years, organic reactions catalyzed by transition metal complexes have 
become a popular tool for the synthesis of simple and even complex molecules.
1-7
 Among 
the transition metals, copper has played a major role in the development of several 
synthetic techniques and this can be attributed to the following features: attainable 
oxidation states (0-3),
8
 ability to mediate two electron and one-electron transfer 
processes
8
 and  high binding affinity to polar functional groups
 and π-bonds.8-10 The 
relatively low cost of copper also makes it a very attractive reagent for organic synthesis. 
A broadening synthetic utility of copper has been reflected in C-C and C-heteroatom (C-
O, C-N, C-S) bond formations leading to linear as well as carbocyclic and heterocyclic 
compounds.
8,9,11
 Organic transformations mediated by copper include transition-metal 
catalyzed intermolecular and intramolecular atom transfer radical reactions (TMC ATRA 
and TMC ATRC).
6,7,12-14
 Numerous contributions have also been made in [2+1] 
cycloaddition, particularly carbene transfer to olefins to form cyclopropanes.
15-17
 
Furthermore, copper has been the most successful transition metal to mediate C-N bond 
formation to form a triazole via the Huisgen [3+2] azide- alkyne cycloaddition or ―click 
chemistry‖.18-20 Systematic studies performed in understanding actual mechanisms and 
intermediates involved in these reactions have led to catalytic design involving copper 
complexes to further fine-tune their reactivity, selectivity and efficiency.
13,15-17,20-25
 This 
chapter provides a discussion on the increasing significance of copper in mediating atom 
transfer radical reaction, azide-alkyne cycloaddition and cyclopropanation reactions. 
2 
1.1 Atom Transfer Radical Addition and Cyclization 
1.1.1 Origins of Transition Metal Catalyzed Atom Transfer Radical Addition 
(TMC ATRA) 
Carbon-carbon bond formation resulting from the addition of polyhalogenated 
methanes (CX4 and CHX3, X= Br, Cl) to olefins in the presence of light or conventional 
radical initiators (e.g. organic peroxides) was first discovered by Kharasch in 1937 
(Scheme 1.1).
26-30
 Although this reaction involving -olefins such as 1-hexene, 1-octene 
and 1-decene was successful, monoadduct formation was hampered for highly active 
olefins such as styrene, methyl acrylate and methyl methacrylate. Decreased product 
selectivity for the highly active monomers was attributed to radical-radical coupling and 
disproportionation (radical termination) reactions and the repeating addition of monomer 
units forming oligomers or polymers. 
CX4   + R
or h
X3C R
X
 
Scheme 1.1. Kharasch Addition of Halogenated Compound to Alkene. 
 
In 1956, when Minisci and co-workers attempted to polymerize acrylonitrile with 
CCl4 and CHCl3 using a steel autoclave, they observed the formation of the monoadducts 
instead.
31
 This was rather surprising since the transfer rate constants (ktr) for CCl4 and 
CHCl3 were low enough to compete with the propagation rate constant (kp) of the 
acrylonitrile. Similar observations in another experiment conducted in 1961 led to the 
proposition that iron(III) chlorides (FeCl3) generated from the corrosion of the steel 
autoclave acted as a halogen transfer agents (Scheme 1.2).
32-36
 This marked the beginning 
of transition metal catalyzed Kharasch addition reactions. Over the years, it has become 
3 
more popularly known as transition metal catalyzed atom transfer radical addition. (TMC 
ATRA). 
 
CN
+ CCl4
CN
Cl3C
CN
Cl3C Cl
FeII Cl-FeIII Cl-FeIII Fe
II
 
Scheme 1.2. Iron-Catalyzed ATRA of CCl4 to Acrylonitrile. 
 
Since the initial discovery of transition metals acting as better halogen transfer 
agents, complexes incorporating copper (Cu), iron (Fe), ruthenium (Ru) and nickel (Ni) 
as well as zero-valent metals (Cu and Fe) have been found to catalyze ATRA 
reactions.
7,37-45
 Great progress has been made in the use of transition metals as catalysts 
in controlling product selectivity for highly active alkenes such as styrene, alkyl acrylates 
and acrylonitrile in addition to simple -olefins (1-hexene, 1-octene and 1-decene) 
(Figure 1.1). Furthermore, a variety of functionalized adducts has been synthesized via 
ATRA utilizing different halogenated compounds shown in Figure 1.1 (alkyl and aryl 
chlorides,
36,46,47
 N-chloroamines,
36
 alkylsulfonyl halides,
48-53
 -halonitrile,54 -
haloacetates,
55,56
 -haloaldehydes42,57 and polyhalogenated compounds48,51,58,59). 
Subsquently, TMC ATRA has emerged as a powerful tool in organic synthesis.
37,40,41,60-62
 
1.1.2 Proposed Catalytic Cycle of Transition Metal Catalyzed Atom Transfer 
Radical Addition and Cyclization (TMC ATRA and ATRC) 
It is generally accepted that the mechanism of TMC ATRA involves free-radical 
intermediates and makes use of the redox properties of the transition metal complex in 
order to activate the alkyl-halogen bond.
36,41,48,63
 As shown in Scheme 1.3, the proposed 
catalytic cycle starts with a homolytic cleavage of the carbon-halogen bond (C-X) by the 
4 
transition metal in the lower oxidation state (Mt
n
Lm). This generates an alkyl radical (R
•
) 
and the transition metal in the higher oxidation state (Mt
n+1
LmX). The radical can add to 
the double bond of the olefin, terminates by radical-radical coupling or 
disproportionation, or abstracts the halogen from the transition metal complex in the 
higher oxidation state (Mt
n+1
LmX). If the abstraction of halogen occurs after the addition 
of R
•
 to alkene, the desired monoadduct is formed. This regenerates the transition metal 
in the lower oxidation state (Mt
n
Lm), thus completing the catalytic cycle. The key to 
increasing the chemoselectivity towards the monoadduct lies in the radical generating 
step, which is governed by a set of guidelines. Firstly, radical concentration must be low 
in order to suppress radical termination reactions (rate constants of activation [ka,1 and 
ka,2] <<  rate constants of deactivation [kd,1 and kd,2]). Secondly, further activation of 
monoadduct should be avoided (ka,1 >> ka,2, ideally, ka,1 ≈ 0). Lastly, formation of 
oligomers or polymers should be suppressed by having a much larger rate of deactivation 
than the rate of propagation (kd,2[Mt
n+1
LmX] >> kp[alkene]).   
5 
 
Scheme 1.3. Proposed Catalytic Cycle for TMC ATRA. 
 
 When both alkene and carbon-halogen moieties are present in the substrate, 
addition can occur in an intramolecular fashion. Such mechanism, which results in a 
radical ring closure, is called transition metal catalyzed atom transfer radical cyclization 
(TMC ATRC).
41
 In the proposed catalytic cycle shown in Scheme 1.4, the reaction starts 
with a reversible abstraction of the halide from the C-X end of the substrate by the 
transition metal complex in the lower oxidation state (Mt
n
Lm) to yield an electrophilic 
radical and the complex in its oxidized form (Mt
n+1
LmX). Subsequent intramolecular 
addition of the radical to one of the olefinic carbons (C=C) generates a nucleophilic 
cyclic radical species, which, promptly and irreversibly deactivated via halogen transfer 
from the Mt
n+1
LmX, furnishing the halogen-functionalized carbocycle and the complex in 
its reduced form (Mt
n
Lm). Consequently, the regenerated Mt
n
Lm species begins a new 
reaction cycle. 
6 
X
n n
nn
X
Mtn+1LmXMt
nLm
X = Cl, Br  
Scheme 1.4. Proposed Catalytic Cycle for Transition Metal Catalyzed Atom Transfer 
Radical Cyclization. 
 
1.1.3 Basic Components of TMC ATRA and ATRC 
 
X
CHX2 S X
O
O
O
X
O
H2N
X
O
O
O
X
X
CN
NC X
CN
O
X X
O
X
X
X
O
CX4   CX3H   CX2H2   CX3Y   CX2Y2
CN O
CH3
O
O
CH3
O
O
O
R
AlkenesAlkyl Halides
X,Y = Cl or Br
 n
n = 1: hexene
n = 3: octene
n = 5: decene
R = H, CH3, OCH3, F or Cl  
Figure 1.1. Alkyl halides and alkenes commonly used in ATRA. 
 
7 
Substrates having C=C bonds (alkenes or olefins) and alkyl halides are the main 
reactants in TMC ATRA and ATRC reactions. Alkenes commonly used include simple 
-olefins (1-hexene, 1-octene, 1-decene), methyl acrylate, methyl methacrylate, styrene, 
vinyl acetate, and acrylonitrile (Figure 1.1).
48,51,58,59,64
 Halogenated compounds that have 
been utilized include alkyl and aryl chlorides,
36,46,47
 N-chloroamines,
36
 alkylsulfonyl 
halides,
48-53
 -halonitrile,54 -haloacetates,55,56 -haloaldehydes42,57 and polyhalogenated 
compounds Figure 1.1).
48,51,58,59
 A variety of substrates such as tri- di- and 
monounsaturated alkenes,
65
 ketones,
65
 amides
41,66-68
 and esters
69-76
 as well as propargylic 
acetamides
77,78
 containing halogen functional groups been very useful in intramolecular 
addition (ATRC) studies (Figure 1.2). 
O
O
X
Y2
O
X
Y2
N
O
X
Y2R
X
Y2
n
N
O
X
Y2R
n
n
n
N
O
X
N
O
X
Y2R
X, Y = Cl, Br  
R = Bn, Ts  
Figure 1.2. Halogenated Olefinic and Propargylic Substrates for ATRC. 
 
The role of the transition metal is the most indispensable in ATRA as it regulates 
the dynamic equilibrium (KATRA = ka,1/kd,1) between the dormant (alkyl halide) and the 
8 
active species (alkyl radical). Catalytic systems based on copper(I) are usually prepared 
from stoichiometric amounts (1:1) of the copper(I) salt, CuX (X= I, Br, Cl) and the 
ligand, with the exception of some bidentate ligands such as 2,2‘-bipyridine and its 
derivatives. Ligand coordination accelerates the reaction by enhancing the solubility of 
the copper salt and by altering the redox potential of the Cu
I
/Cu
II
 system, which 
correlates with the rate of activation in ATRA.
79
 In order to enhance the catalytic activity 
in copper-mediated atom transfer radical reactions, complexes with N-based ligands have 
been utilized (Figure 1.7). Treatment of halogenated amides and esters with catalytic 
amounts of copper(I) complexes with bipyridine (bpy) ligand provided efficient 
cyclization to desired lactams and lactones; respectively.
41,67,80
 The ability of N-alkyl-2-
pyridylmethanimines (NAlkPMI)
41,77,81-86
 to solubilize copper(I) halides and their 
relatively facile synthesis from commercially available amines have also been reported to 
mediate ATRC. Ligands with better chelating ability or higher denticity have been found 
to fine-tune the efficiency of the catalytic system. In particular, copper(I) complexes with 
tridentate (N, N, N’, N”, N”-pentamethyldiethylenetriamine (PMDETA)),87-89 tetradentate 
(tris(2-pyridinyl)methylamine (TPMA),
61,90
 N, N, N’, N”,N”, N”-
hexamethyltriethylenetriamine (HMTETA),
61
 1,4,8,11-tetraaza-1,4,8,11-
tetramethylcyclotetradecane (Me4Cyclam),
91
 dimethylated 1,8-ethylene cross-bridged 
1,4,8,11-tetramethylcyclotetradecane (DMCBCy)
92
 and tris[2-
(dimethyl)aminoethyl]amine (Me6TREN)
66,77,82
)) and multidentate ((5,5‘-(N,N,N’,N’-
tetrakis(2-pyridylmethyl))dimethyl-2,2‘-bipyridine (TPDMBpy),61 N,N,N’,N’- tetrakis(2-
pyridylmethyl)ethylenediamine (TPEDA)
61,90
) ligands provided higher product yields and 
distributions. Furthermore, copper complexes with multidentate N-based ligands have  
9 
N N N N R
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Figure 1.3. Nitrogen-Based Ligands Utilized in Copper-Mediated Atom Transfer Radical 
Reactions. 
 
been proven superior activity over bidentate bipyridine-based complexes in the synthesis 
of macrolactones and macrocyclic ethers.
41,61
 Copper(I) tris(pyrazolyl)borate (Tp
x
Cu
I
) 
complexes have demonstrated efficient ATRA of polyhalogenated methanes to 
olefins.
62,93
 An attractive feature of this type of Cu
I
 complexes is that catalytic activity 
10 
can be altered by incorporating substituents on the pyrazoles that exert distinct steric and 
electronic effects to the metal center. 
1.1.4 Synthetic Applications of TMC ATRA and ATRC 
At present, the use of radicals is an important tool for the construction of complex 
molecules and natural products.
7,94-98
 In particular, construction of ring systems via free-
radical means has become a powerful method for the efficient synthesis of carbocyclic 
and heterocyclic compounds, ranging from small-sized to macrocycles.
99-102
 A number of 
groups have reported successful radical cyclization of polyhalogenated unsaturated esters 
and amides, leading to the formation of lactones, lactams, and indoles. These can serve as 
core structures in the synthesis of biologically active natural products and pharmaceutical 
compounds.
41,66-73,103-107
 
Br
Bu3SnH, AIBN

 Br
O
I
O 80
oC, h
Bu3Sn-SnBu3
OO
major 
product
major 
product  
Scheme 1.5. Tributylstannane (Bu3SnH) and Iodine Halogen Atom Transfer. 
 
 Early reports on successful radical cyclization include the pioneering work of 
Giese (tin hydride mediated radical addition to olefins),
95
 and Curran (iodine atom 
transfer radical reactions) (Scheme 1.5).
108
 Despite their importance in organic synthesis, 
the major drawback of these reactions is the utilization of organotin and organosilane 
11 
reagents. This can be a disadvantage given the following reasons: a) the reduction of the 
cyclized radicals via hydrogen transfer greatly limits the synthetic use of the cyclic 
products due to the loss of functional groups, which are essential for further organic 
transformations and b) the presence of toxic organotin complexes in the reaction mixture 
requires additional purification procedures to remove the highly toxic tin byprodducts, 
often leading to a decreased product yield.  
 The quest for safer and more environmentally friendly techniques as alternatives 
to radical ring closure shifted the attention to TMC ATRC reaction.
41
 Transition metal 
complexes of Cu, Ru and Fe
41,61,81,82,87,109-112
 as catalysts in ATRC have provided a useful 
alternative to the more widely used tin hydride variants. Compared to other radical 
cyclization methods, the attractive features of ATRC include the conservation of the C-X 
bonds in the resulting product, environmentally friendly catalysts, ease of use, high 
selectivity and high productivity. Furthermore, the significance of this methodology lies 
in the versatility of the C-X functionality in the resulting product as it can be easily 
reduced, eliminated, displaced, converted to a Grignard reagent, or can serve as a radical 
precursor. 
Copper-mediated ATRC has become an increasingly popular synthetic tool due to 
the low cost of copper and ease-of work-up. Successful studies utilizing this protocol 
include the synthesis of trichlorinated 5- and 6-membered lactones from readily 
accessible alkenyl trichloroacetates (Error! Not a valid bookmark self-reference.).
72,113
 
Reactions catalyzed by CuCl were selective, however, elevated temperatures (110-130 
0
C) and high catalyst loadings (20-30 mol%) were required (Table 1.1). Some 
improvements have been achieved by utilizing CuCl in conjunction with tetradentate N-
12 
based ligand such as tris(2-pyridyl)methylamine (TPMA) and N,N,N’,N’- tetrakis(2-
pyridylmethyl)ethylenediamine TPEDA. This allowed reactions to be conducted at a 
lower catalyst loading (3-10 mol% relative to substrate) and reaction temperature (80 
0
C) 
(Table 1.1).
61,74-76
 
 
 
Table 1.1. Copper-Catalyzed ATRC of Unsaturated Trichloroesters. 
OO
CCl3
OO
Cl
Cl
Cl
n n
 
Catalyst (mol %) n Solvent T (
o
C) Time (h) Yield (%) 
CuCl (20) 
CuCl (30) 
CuCl/PMDETA (10) 
CuCl/TPEDA (10) 
CuCl/TPMA (3)  
CuCl/bpy (30) 
CuCl/bpy (30) 
CuCl/TPEDA (10) 
CuCl/TPMA (10) 
1 
1 
1 
2 
2 
3 
3 
3 
3 
MeCN 
MeCN 
DCE 
DCE 
DCE 
DCE 
DCE 
DCE 
DCE 
110 
110 
80 
80 
80 
80 
80 
80 
80 
16 
16 
12-48 
12-48 
12-48 
18 
2.5 
12-48 
12-48 
59 
95 
48 
99 
90 
60 
58 
53 
53 
CH3CN = acetonitrile, DCE = 1,-dichloroethane. Refer to Figure 1.3 for ligand structures. 
 
Synthetic usefulness of ATRC has been demonstrated in the formation of Quercus 
lactones, which are known to be present in different types of wood and are responsible 
for giving aroma to whiskey and cognac alcohols.
80
 As represented in Scheme 1.6, 
copper-catalyzed ATRC of the dichlorinated esters derived from secondary allylic 
alcohols provided the halogen-functionalized -butyrolactones. Subsequent reductive 
dehalogenation transformed the dichlorinated lactones to the target compounds in high 
yield.  
13 
O O
Cl
Cl
H
O O
Cl
Cl
O O
CuCl/bpy
145oC, CH3CN
2 Bu3SnH, AIBN
80oC, toluene
72% 86%  
Scheme 1.6. Synthesis of Quercus Lactone via Copper-Catalyzed ATRC. 
 
Synthesis of nitrogen heterocycles has also been reported using copper-mediated 
ATRC. Typical cyclization of unsaturated amides to produce -lactams were carried out 
utilizing only CuCl ats higher temperatures (80-140 
o
C). Treatment of the substrates with 
10-30 mol% CuCl/bpy complex allowed reactions to be conducted even at room 
temperature (Table 1.2).
64,68,77,114
 Additional advantage of this synthetic methodology is 
that reactions can be conducted in either polar (CH3CN) or nonpolar (CH2Cl2) medium 
without further drying of the solvents. 
 
Table 1.2. Synthesis of -lactams using copper catalyzed ATRC.64  
N
Cl Cl
Cl
R
O N
Cl
Cl
R
O
Cl
R = Benzyl (Bn), Tosyl (Ts), tert-butyloxycarbonyl (BOC)
 
Catalyst (mol %) R Solvent T (
o
C) Time (h) Yield (%) 
CuCl (30) 
CuCl/bpy (30) 
CuCl (30) 
CuCl/bpy (5) 
CuCl (30) 
CuCl/bpy (30) 
Bn 
Bn 
Ts 
Ts 
Boc 
Boc 
CH3CN 
CH2Cl2 
CH3CN 
CH2Cl2 
CH3CN 
CH2Cl2 
80 
RT 
RT 
RT 
80 
RT 
18 
1 
24 
0.2 
4 
2 
68 
98 
97 
91 
80 
78 
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Copper(I) chloride in conjunction with 2,2‘-bipyridine was also found to 
efficiently catalyze the ATRC of several -chloroglycine derivatives containing 3-
alkenyl substituent on the nitrogen atom (Scheme 1.7).
115
 Reactions proceeded via 2-aza-
5-alken-1-yl radicals as intermediates, resulting in the predominant formation of 5-
exocyclic products upon ring closure. The resulting ring structure in the product 
resembles proline, an important amino acid utilized in the production of collagen and 
cartilage.   
N
Cl
CO2Me
OMeO
R1
R2
R3
CuCl/bpy
N CO2Me
OMeO
R1
R2
R3
N CO2Me
OMeO
R1
R2
R3
Cl
 
Scheme 1.7. Copper Catalyzed ATRC of -Chloroglycine Derivatives to 3-(1-
Chloroalkyl)-Substituted Proline.  
 
Further synthetic application of copper-catalyzed ATRC has emerged in the 
construction of medium-sized rings in the form of 8-, 9- and 10-membered lactones.
61,116
 
Reactions performed at 80
 0
C in the presence of Cu
I
Cl and bpy ligand (Table 1.3 
provided good yields of 8-membered lactones. As the ring size becomes larger (9- and 
10-membered), the combination of CuCl and tetradentate N-based ligand (TPMA or 
TBDMBpy) proved to be more effective than the bidentate bpy. It is also apparent that 
cyclization of the 6-heptenyl trichloroacetate to form the 10-membered lactone becomes 
challenging, resulting in decreased product yields (Table 1.3). Impressively, copper-
catalyzed ATRC has demonstrated its potential in the synthesis of polyoxocyclic 
heterocycle, which is a structural component of antimicrobial compunds.
61
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Table 1.3. Synthesis of Medium-Sized and Macrocyclic Lactones via Copper-Catalyzed 
ATRC.  
Substrate                Product Catalyst (mol %) Solvent T(
o
C) Yield 
(%) 
O CHCl2
O
O
Cl
O Cl  
 
CuCl/bpy (30) 
 
1,2-DCE 
 
80 
 
75 
O
O
Me
Cl
Cl
Me
Me
O
Cl
O Cl
Me
Me
 
 
CuCl/bpy (30) 
 
Benzene 
 
180 
 
81 
O CCl3
O
O
Cl
O Cl
Me
Cl
Me
 
 
CuCl/bpy (30) 
 
1,2-DCE 
 
120 
 
57 
  
CuCl/bpy (30) 
CuCl/ TPDMBpy (10) 
CuCl/TPMA (3) 
 
 
 
1,2-DCE 
1,2-DCE 
1,2-DCE 
 
80 
80 
80 
 
75 
99 
90 
O CCl3
O
O
O Cl
Cl
Cl
 
 
CuCl/ TPDMBpy (10) 
CuCl/TPMA (10) 
 
1,2-DCE 
1,2-DCE 
 
80 
80 
 
53 
53 
O CCl3
O
O
O
Cl
Cl
Cl
 
 
CuCl/ TPDMBpy (10) 
CuCl/TPMA (10) 
 
1,2-DCE 
1,2-DCE 
 
80 
80 
 
51 
34 
O
O
O
O
O
CCl3
O
O
O
O
O
O
O
Cl
Cl
Cl
 
 
CuCl/TPMA (10) 
 
1,2-DCE 
 
80 
 
70 
  Refer to Figure 1.3 for ligand structures. 
 
O CCl3
O
O
Cl
O ClCl
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1.1.5 Copper Catalyzed Atom Transfer Radical Cascade or Domino Reactions 
The ability of copper(I) complexes to mediate both intermolecular radical addition 
and cyclization (ATRA and ATRC) has been exploited as a way to initiate cascade 
reactions or domino reactions. Increasing significance of these strategies can be attributed 
to the formation of several bonds in one sequence without the isolation of intermediates, 
changes in the reaction conditions or addition of external reagents and catalysts.
117,118
 
First examples of successful cascade or domino transition-mediated ATRC include the 
bicyclic formation from N-allyl trichloracetamide and methylene cyclohexane in the 
presence of 10 mol% CuCl/bipyridine (a, Scheme 1.8).
67
 In this process, 5-exocyclization 
of the N-allyl trichloracetamide proceeded to form -dichlorolactam, which was further 
reactivated by the Cu
I
 complex to generate a new cyclic radical. Subsequently, radical 
underwent an intermolecular addition to the C=C bond of methylenecyclohexane and the 
resulting radical was finally trapped by chlorine transfer from the CuCl2/bpy generated in 
the second initiation step. This approach has also been used to facilitate the synthesis of 
bicyclic lactam from dienyl trichloracetamides (N-tosyl-N-geranyl trichloroacetamide and 
N-benzyl-N-geranyl trichloroacetamide) catalyzed by 10-30 mol% of CuCl/bipyridine (b, 
Scheme 1.8).
67
 When heated to 40 
0
C, the substrate underwent cyclization in the exo- 
mode, which led to the formation of -dichlorolactam. Reactivation of the C-Cl bond of 
this monocyclic intermediate followed by 6-endocyclization gave the 6-membered 
carbocycle. The cascade reaction utilizing unsaturated -chloro -chloroester, which was 
efficiently catalyzed by copper(I) chloride in conjunction with bipyridine or 
bis(oxazoline) ligand under mild reaction conditions has also been reported (c, Scheme 
17 
1.8).
119
 In this tandem reaction, first cyclization afforded the 6-endocyclic radical, which 
was trapped by the remaining double bond product to form additional cyclic structure.  
OEt
O O
Cl Cl
O
CO2Et
Cl
H
Cl
CuCl/bpy
DCE, 80oC
CCl3
N
Z
O N
Z
O
Cl Cl
CuCl/bpy
CH2Cl2, 40
oC
CCl3
N
Ts
O
+
N
Ts
O
Cl
Cl
Cl
CuCl/bpy
CH2Cl2, 83
oC
(a)
(b)
(c)
Z= tosyl, benzyl
 
Scheme 1.8. Copper Catalyzed Domino or Cascade Reactions in the Synthesis of 
Bicyclic Compounds. 
  
 
Recently, copper-mediated atom transfer radical cascade or domino reactions 
have demonstrated its potential in the synthesis of natural products and pharmaceutical 
drugs. Indeed, it has been shown to be very effective in the synthesis of polycyclic spiro-
indoles, which is described as 5-exo-6-endo domino product utilizing copper complex 
with TMEDA ligand (Scheme 1.9).
94
 In this example, the precursor bearing homo allyl 
substituent on the N-indole underwent ATRC to form the 5-membered ring. Sequential 
activation of the functionalized moiety (C-Cl) and 6-endocyclization via electrophilic 
attack of the radical center to a double bond led to the formation of the benzospiroindole. 
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Scheme 1.9. Formation of Spiro-Indole via Sequential Radical Cyclization. 
 
1.1.6 Towards a “Greener” TMC ATRA and ATRC Strategy 
TMC ATRA and ATRC reactions are still not fully utilized in organic synthesis 
and far less represented in the literature as compared to the standard tributyltin hydride-
mediated radical addition to olefin
95,120
 and iodine atom transfer radical addition 
reaction.
120,121
 The principal problem remained the large amount of the catalyst, which 
typically ranges between 5 and 30 mol% in order to achieve high product selectivity.
12-
14,122
 In order to understand the necessity for the high catalyst loadings, it is important to 
take into account the first step in ATRA, which involves an equilibrium between the 
activation and deactivation of the alkyl halide (KATRA = ka,1/kd,1). Although, a highly 
active catalyst can be utilized at low concentration, the transition metal in the lower 
oxidation state (activator) is constantly converted to the higher oxidation state 
(deactivator). This increases the concentration of alkyl radical relative to the activator 
19 
species. Since radical concentration increases, so does the rate of unavoidable radical 
termination reactions, which are nearly diffusion controlled (kd ≈ 2.0 x 10
9
 M
-1
 s
-1
). As 
the reaction progresses, equilibrium is further shifted towards the deactivator until it 
becomes the only species remaining in the reaction mixture. Consequently, lower alkene 
conversions and monoadduct yields are achieved since the activator needed to 
homolytically cleave the C-X bond is no longer present.  
Although several reports have appeared on the synthetic use of TMC ATRA and 
ATRC,
12,40,41,60,120,122-124
 the high metal concentration in the reaction mixtures requires 
lengthy procedures for catalyst removal and purification of the final product, thus making 
it unsuitable for large scale syntheses and industrial applications. In addition, the 
relatively large excess of alkyl halide is considered to be non-atom-economic, 
environmentally unfriendly and expensive. In order to overcome these limitations and 
problems, various techniques have been developed, such as a) use of solid-supported 
transition metal catalysts,
13,41,125,126
 b) use of biphasic fluorous system,
75,76,90
 c) tuning 
catalytic efficiency by ligand design
63,127
 and d) catalyst regeneration in the presence of 
reducing agents.
12-14,122,128-132
 
1.1.4.1  Solid Supported Catalysts 
  An advantage of using solid supported catalyst is the recovery of the catalyst 
from the reaction mixture and recycling in subsequent reactions. Examples of solid-
supported metal catalysts that have been successfully used in ATRA and ATRC 
processes include a silica-tethered Cu catalyst 1,
125,126
 a carbosilane-supported 
arylnickel catalyst 2
133,134
 and an amphilic resin-supported Ru complex 3
135
 (Figure 
1.4).  
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Figure 1.4. Examples Solid Supported Catalysts 
 
   
  In particular, the first successful ATRC reactions that were conducted on a 
solid-support involved a copper(I) species ligated to N-propyl-2-
pyridynylmethanamine anchored to silica.
41,126
 When applied to a range of activated 
and unactivated haloacetamides, excellent yields of 5-exocyclic products were 
achieved after refluxing in 1,2-dichloroethane (DCE) for 18-48 hours. Results 
achieved utilizing this particular heteregenous catalytic system were comparable to 
previously reported copper-mediated ATRC utilizing N-butyl-2-pyridylmethanamine 
ligand performed under homogenous condition.
81
 Heteregenous catalytic system 
based on a solid support can be beneficial in catalyst recycling, although the catalytic 
activity is diminished. Decreased catalytic efficency is due to the inevitable 
accumulation of the deactivator species (Cu
II
)  as observed in the color change from 
brown to green, a strong indication of the oxidation of Cu
I
 to Cu
II. 
1.1.4.2 Biphasic System 
TMC ATRC has been conducted under fluorous biphasic systems, which 
consist of a mixture of aqueous (usually water or fluorous) and organic solvents. In 
particular, perfluorinated analogues of PMDETA and ME6TREN (Figure 1.5) have 
been utilized as ligands in copper-mediated ATRC reactions of pent-4-enyl 
trichloroacetate to yield an eight-membered lactone.
90
 The reactions were performed 
21 
in a mixture of perfluoroheptane and DCE at 80 
0
C. High yields of the lactone were 
achieved at optimum conditions, in which reactions are heated for 20 hours in the 
presence of 5 mol% of the catalyst. Catalytic activity was enhanced in the presence of 
iron metal, which served as a reducing agent, thus inhibiting the accumulation of the 
deactivator species (Cu
II
).  
The main lure of biphasic solvent systems is that they become homogenous at 
elevated temperatures, enabling the reaction to be conducted under single phase 
condition. After the reaction concludes, product separation can then performed at lower 
temperatures under biphasic condition. Additional benefit is the potential for catalyst 
recycling. For instance, perfluorinated ligands (Figure 1.5) complexed with copper and 
the presence of iron enabled four consecutive ATRC reactions to be carried out. 
 
N
N
N
C8F17 C8F17
C8F17C8F17
C8F17
N
N
N
C8F17 N C8F17
C8F17C8F17
C8F17 C8F17  
Figure 1.5. Perfluorinated Ligands for Copper-Catalyzed ATRC. 
 
1.1.4.3 Development of Highly Active Ligands for ATRA and ATRC 
  As mentioned earlier, the complexing ligand is important because it regulates 
the dynamic equilibrium for atom transfer radical reactions (KATRA = ka,1/kd,1 and KATRP 
= ka,1/kd,1).
127,136-140
 The presence of the ligand enhances catalytic activity by 
increasing the solubility of the copper complex. At the same time, it alters the redox 
22 
potential of the Cu
I
/Cu
II
 system, which correlates to the activation rate constant (ka) 
and overall equilibrium (KATRA).
63,141
 Thus for complexes, having similar 
―halidophilicities‖ or equilibrium constants for coordination of the halide to the 
copper(II) center, the redox potential can be used to measure catalytic activity. A 
study conducted by Matyjaszewski and coworkers revealed the linear correlation 
between the equilibrium constant for ATRP (KATRP) and redox potential (E1/2).
142-145
 
Based on this study, the more reducing catalysts include complexes bearing neutral 
tetradentate and multidentate N-based ligands listed in Figure 1.3, such as 
Me6TREN,
66,77,79,82,146,147
 TPMA,
61,79,90,132,146,148,149
 TPEDA
61,90,127
 Me4Cyclam
91
 and 
DMCBCy.
92
 
1.1.4.4 Catalyst Regeneration Technique 
The most promising technique for harnessing TMC atom transfer radical reactions 
towards a ―greener‖ methodology is catalyst regeneration in the presence of reducing 
agents (Scheme 1.10). Originally, this methodology has been found for copper catalyzed 
atom transfer radical polymerization (ATRP).
12,129,130,150-154
 ATRP is mechanistically 
similar to ATRA, with the exception that the structure of the alkyl halide is modified in 
such a way that more than one activation/deactivation can occur. Subsequently, this was 
applied first to ruthenium-
131
 and then copper-
102,132,155 
catalyzed ATRA reactions. In this 
methodology, the transition metal in the lower oxidation state (activator) is continuously 
regenerated from the transition metal in the higher oxidation state (deactivator), provided 
that reducing agents such as phenols, glucose, ascorbic acid, hydrazine, tin(II)-ethyl 
hexanoate and free radical initiators 2,2‘-azobis(isobutyronitrile), (AIBN) and 2,2‘-
23 
azobis(4-methoxy-2,3-dimethylvaleronitrile), (V-70) listed in Scheme 1.10 are present in 
the system. 
 
Scheme 1.10. Transition Metal Catalyzed ATRA in the Presence of Reducing Agents. 
 
 
1.1.7 Highly Efficient TMC ATRA Reactions in the Presence of Reducing Agents 
 
Successful catalyst regeneration in ATRA was first reported utilizing 
[Ru
III
Cl2Cp*PPh3] in conjunction with AIBN or Mg as reducing agent.
131,156,157
 In the 
24 
ATRA of CCl4 to styrene, yields as high as 89% were obtained with an impressive 
turnover number (TON) of 44,500.
131
 This was a significant improvement over previous 
methodology, which used 0.3 mol% loading of [Ru
II
ClCp*(PPh3)2] as catalyst without 
AIBN in order to achieve the same yields.
158,159
 Similarly, Ru-catalyzed ATRA of CCl4 
to styrene but in the presence of Mg as reducing agent resulted in nearly quantitative 
yields of the monoadduct at an alkene to catalyst ratio of 5000:1.
157
 Although the use of 
Mg increases the overall metal concentration, it decreases the concentration of free 
radicals, thus suppressing competing free radical polymerization, resulting in higher 
product distributions and yields. In addition, reactions can be conducted at ambient 
conditions, unless using AIBN, which typically requires heating to generate free-radicals.  
Highly efficient ATRA reactions of polyhalogenated methanes to alkenes have 
been reported using catalytic amounts of [Cu
I
(TPMA)X] (X = Cl, Br) in conjunction with 
AIBN.
132,149
 Turnover numbers ranging between 4900-7200 (1-hexene) and 4350-6700 
(1-octene) were obtained in the addition of CCl4.
132
 In the case of styrene and methyl 
acrylate, lower yields (42-85% for styrene, 60% for methyl acrylate) were observed due 
to the competing free radical polymerization of these highly active alkenes.
132
 Even more 
impressive is the ATRA of CBr4 to styrene and methyl acrylate in the presence of 
[Cu
I
(TPMA)Br] and AIBN, allowing reactions to be conducted using as low as 5 ppm of 
Cu catalyst to provide nearly quantitative yields. This is by far the lowest catalyst loading 
reported in transition metal-mediated ATRA.
149
  
Decomposition of AIBN to generate isobutyronitrile radicals is induced thermally 
and therefore proceeds faster at elevated temperatures. However, this is problematic for 
alkenes such as methyl methacrylate (kp,60 = 8.2 x 10
2
 M
-1
 s
-1
), vinyl acetate (kp,60 = 7.9 x 
25 
10
3
 M
-1
 s
-1
) and acrylonitrile (kp,60 = 1.9 x 10
2
 M
-1
 s
-1
) that are very active towards free-
radical polymerization because high temperature increases their propagation rate 
constants. As a consequence, the target monoadducts are often contaminated with 
oligomers or polymers.
160,161
 As an alternative solution, copper-mediated ATRA 
reactions can be conducted in the presence of 2,2‘-azobis(4-methoxy-2,4-
dimethylvaleronitrile or (V-70), which actively decomposes at ambient temperature.
155
 
Although results were inferior to Cu
II
/AIBN catalytic system, greater control over 
competing free radical polymerization for highly active alkenes was obtaines as a result 
of the decrease in the propagation rate constants of methyl methacrylate (kp,25 = 3.2 x 10
2
 
M
-1
 s
-1
), vinyl acetate (kp,25 = 3.4 x 10
3
 M
-1
 s
-1
) and acrylonitrile (kp,25 = 9.3 x 10
2
 M
-1
 s
-1
). 
Such values are significantly lower compared to the halide transfer from the copper(II) 
complex (kd,2 = [Cu
II
LmX2] < 1.8 x 10
5
 s
-1
), thus allowing for radical trapping to form the 
desired monoadducts.
160
 
Although the use of V-70 was a proof-of-concept that lowering reaction temperature 
could control competing free radical polymerization, it is an expensive and unstable 
reagent. Another way of performing reactions effectively at ambient conditions utilizing 
cheaper and readily available free-radical diazo initiator such as AIBN is through 
ultraviolet (UV) irradiation since the photoinitiated decomposition rate constant of AIBN 
at 25 
0
C (k = 1.2 x 10
-5
 s
-1
)
162
 is similar to the thermal-initiated process at 60 
0
C (k = 1.5 x 
10
-5
 s
-1
).
23
 In the experiment conducted in the addition of CCl4 in presence of 1 mol% of 
[Cu
II
(TPMA)Cl][Cl], total conversion of methyl acrylate to the desired monoadduct was 
observed (entry 2, Table 1.4. Furthermore, quantitative yields of monoadduct were also 
achieved in the addition of CCl4 to methyl acrylate and methyl methacrylate at even 
26 
lower catalyst loading (0.05 mol%) (entries 5 and 12, Table 1.4).
163
 Even more 
impressive results were the excellent yields obtained in the ATRA of CBr4 to methyl 
acrylate and methyl methacrylate catalyzed by 0.01 mol% of   [Cu
II
(TPMA)Br][Br]. 
ATRA experiments utilizing acrylonitrile, vinyl acetate and styrene showed high product 
selectivity as indicated by the percent product, however, higher catalyst loadings were 
required (Table 1.4). 
The scope of the photoinitiated copper catalyzed ATRA in the presence of AIBN 
was also expanded to less active alkyl halides such as CHCl3, CHBr3, ethyl 
trichloracetate (CCl3CO2Et), benzyl chloride (BzCl) and benzyl bromide (BzBr) (Table 
1.5). Such ATRA reactions often require elevated temperatures, high catalyst loadings 
and/or large excesses of alkyl halides in order to achieve reasonable yields of the 
monoadduct. The addition of trihalogenated compounds such as CHCl3, CHBr3 and 
CCl3CO2Et to methyl acrylate utilizing 1 mol% of the catalyst resulted in reasonable 
yields of the corresponding monoadducts (entries 1-3).
163
 For the case of methyl 
methacrylate (entries 6-8), acrylonitrile (entries 11-13) and vinyl acetate (entries 16-18), 
significantly lower yields of the monoadducts were obtained as compared to methyl 
acrylate. ATRA reactions conducted utilizing monohalogenated benzyl halides (BzBr and 
BzCl), lower yields of the monoadducts were observed due to incomplete alkene 
conversion, AIBN initiated free-radical polymerization and monoadduct reactivation 
(entries 4, 5, 9, 10, 22 and 23). Despite unfavorable results, these are the first ATRA 
reactions of BzCl and BzBr to be reported and thus, offer an opportunity for further 
optimizations.  
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Table 1.4. Photoinitiated Cu-Catalyzed ATRA of CCl4 and CBr4 to Highly Active 
Alkenes at Ambient Temperature
a 
Entry Alkene RX [Alk]0:[Cu
II
]0 %Conv %Product %Yield
d 
1 
2 
3 
4 
5 
6 
7 
O
O
 
methyl 
acrylate 
CCl4
b 
CCl4 
CCl4 
CCl4 
CCl4 
CBr4
c 
CBr4
c 
1000:1 
100:1 
500:1 
1000:1 
2000:1 
500:1 
10000:1 
100 
100 
100 
100 
100 
100 
100 
47 
100 
99 
94 
85 
100 
79 
47 
100 
99 
94 
85 
100 
79 
8 
9 
10 
11 
12 
13 
14 
O
O
 
methyl 
methacrylate 
CCl4
b 
CCl4 
CCl4 
CCl4 
CCl4 
CBr4
c 
CBr4
c
 
1000:1 
100:1 
500:1 
1000:1 
2000:1 
500:1 
10000:1 
100 
100 
100 
95 
90 
100 
100 
46 
100 
99 
96 
90 
100 
73 
46 
100 
99 
91 
81 
100 
73 
15 
16 
17 
18 
19 
20 
21 
CN  
acrylonitrile 
CCl4
b 
CCl4 
CCl4 
CCl4 
CCl4 
CBr4
c 
CBr4
c
 
1000:1 
100:1 
500:1 
1000:1 
2000:1 
500:1 
1000:1 
100 
100 
100 
100 
96 
100 
95 
48 
98 
84 
75 
68 
96 
92 
48 
98 
84 
75 
65 
96 
87 
22 
23 
24 
25 
26 
27 
28 
O
O
 
vinyl acetate 
CCl4
b 
CCl4 
CCl4 
CCl4 
CCl4 
CBr4
c 
CBr4
c
 
1000:1 
100:1 
500:1 
1000:1 
2000:1 
500:1 
5000:1 
99 
99 
98 
96 
95 
99 
78 
90 
100 
100 
99 
97 
100 
95 
88 
99 
98 
95 
92 
99 
74 
29 
30 
31 
32 
33 
34 
35 
 
styrene 
CCl4
b 
CCl4 
CCl4 
CCl4 
CCl4 
CBr4
c 
CBr4
c 
1000:1 
100:1 
500:1 
1000:1 
2000:1 
500:1 
2000:1 
65 
99 
50 
32 
27 
77 
60 
58 
97 
92 
90 
82 
98 
85 
38 
96 
46 
29 
22 
75 
51 
a
All reactions were performed in CH3CN in the presence of light for 24 h. Reaction 
temperature was maintained at 23  2 ºC using a water bath. [alkene]0:[AIBN]0=1:0.05, 
[alkene]0=0.75M, catalyst = [Cu
II
(TPMA)Cl][Cl]. 
b
AIBN decomposition by heating at 
60ºC; 
c
catalyst = [Cu
II
(TPMA)Br][Br]. 
d
Yield is based on the formation of monoadduct 
and was determined by 
1
H NMR spectroscopy (relative errors are  10%). 
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Table 1.5. Photoinitiated Cu-Catalyzed ATRA of CHBr3, CHCl3, Cl3CO2Et, BzBr and 
BzCl to Highly Active Alkenes at Ambient Temperature
a
 
Entry Alkene 
Alkyl 
Halide 
[Alk]0:[RX]0 %Conv %Prod %Yield
b 
1 
2 
3 
4 
5 
O
O
 
CHBr3 
CHCl3 
Cl3CO2Et 
BzBr 
BzCl 
1:1.25 
1:1.25 
1:1.25 
1:4 
1:4 
70 
51 
55 
42 
35 
90 
90 
89 
78 
74 
63 
46 
49 
33 
26 
6 
7 
8 
9 
10 
O
O
 
CHBr3 
CHCl3 
Cl3CO2Et 
BzBr 
BzCl 
1:1.25 
1:1.25 
1:1.25 
1:4 
1:4 
98 
80 
86 
70 
59 
32 
25 
33 
17 
12 
31 
20 
28 
12 
7 
11 
12 
13 
14 
15 
CN  
CHBr3 
CHCl3 
Cl3CO2Et 
BzBr 
BzCl 
1:1.25 
1:1.25 
1:1.25 
1:4 
1:4 
69 
55 
50 
49 
47 
70 
64 
80 
42 
35 
48 
35 
40 
21 
16 
16 
17 
18 O
O
 
CHBr3 
CHCl3 
Cl3CO2Et 
1:1.25 
1:1.25 
1:1.25 
10 
5 
10 
95 
95 
99 
9 
5 
10 
19 
20 
21 
22 
23  
CHBr3 
CHCl3 
Cl3CO2Et 
BzBr 
BzCl 
1:1.25 
1:1.25 
1:1.25 
1:4 
1:4 
89 
61 
68 
40 
29 
88 
80 
90 
84 
79 
78 
49 
61 
34 
23 
a
All reactions were performed in CH3CN in the presence of light for 24 h. Reaction 
temperature was maintained at 23  2 ºC using a water bath. [alkene]0:[Cu
II
]0:[AIBN]0 = 
100:1:5, [alkene]0=0.75M, catalyst=[Cu
II
(TPMA)Cl][Cl] for alkyl chlorides, 
[Cu
II
(TPMA)Br][Br] for alkyl bromides. 
b
Yield is based on the formation of monoadduct 
and was determined by 
1
H NMR spectroscopy (relative errors are  10%). 
 
 
Very recently, a ―greener‖ methodology of conducting copper-catalyzed ATRA 
and ATRC has been reported using a more environmentally benign reducing agent, 
ascorbic acid commonly known as vitamin C.
128
 Aside from its reduced environmental 
impact, ascorbic acid decomposition proceeds via non-radical means (Scheme 1.11). This 
feature can be synthetically useful as it avoids unwanted polymerization that could be 
29 
attributed to free-radical polymerization usually observed in the ATRA of alkyl halides to 
alkenes having high propagation rate constants when performed in the presence of AIBN. 
Consequently, product selectivity towards the desired monoadduct is increased. In 
addition, the system is proven to be oxygen-tolerant allowing for bench-top preparation 
of reaction mixtures and isolation of the products in high purity can be achieved by 
simple liquid-liquid extractions. 
When applied to copper-catalyzed addition of CBr4 to 1-octene, excellent yields 
(90%) were obtained in the presence of 0.02 mol% of catalyst. Decreasing the catalyst 
loadings to 0.01 and 0.005 mol% still afforded the formation of 85% and 76% of the 
monoadducts; respectively. Furthermore, TONs of 15000 were reported employing this 
technique. Alkenes that are highly susceptible to free-radical polymerization such as 
methyl methacrylate, acylonitrile and methyl acrylate required higher catalyst loadings in 
order to achieve quantitative yields of the desired monoadducts. However, yields higher 
than 80% were obtained using as low as 0.02 mol% of the copper(II) complex in the 
presence of ascorbic acid. Interestingly, the values for product conversions and yields 
were very similar, indicating the absence of interfering side reactions and exceptional 
product selectivity. 
 
OH
OH
OH
O
O
HO
OH
+   2[CuII(TPMA)Cl][Cl]
kreduction
koxidation
O
OH
OH
O
O
O
OH
+  2CuI(TPMA)Cl  +  2HCl
 
Scheme 1.11.  Proposed Reduction of Cu
II
 Complex to Cu
I
 Complex in the Presence of 
Ascorbic Acid.
128
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1.1.8 Atom Transfer Radical Cyclizations in the Presence of Reducing Agents 
 
Radical annulation mediated by various transition metal complexes has created a 
vast array of medium-sized-
41,64,68,72,74,76,78,80,110,113,116,119,164-166
 and macrocyclic 
compounds.
41,61
 This process also known as atom transfer radical cyclization (ATRC) is 
synthetically attractive as it enables the synthesis of functionalized ring systems that can 
be used as starting materials in the preparation of complex organic molecules. Traditional 
ATRC reactions were conducted in the presence of the transition metal complex in the 
lower oxidation state to activate homolytic cleavage of the C-X bond.
41
  
Ruthenium
157,167
 and copper
110,168,169
 mediated cyclization reactions in the 
presence of reducing agents have been successfully applied in the formation of 5-exo-
trig- and 5-exo-dig- products. Copper(I) regeneration in ATRC reactions of N-allyl 
bromoacetamides catalyzed by 0.1-1.0 mol% of Cu
I
(TPMA)Br or [Cu
II
(TPMA)Br][Br] 
complexes proceeded efficiently (Table 1.6).
110
 The presence of AIBN as a reducing 
agent resulted in a 30- to 300-fold reduction in catalyst loading when compared to 
previously reported cyclizations. Furthermore, this catalytic system has been effective in 
the cyclization of olefinic amides, esters and ethers producing lactams, lactones and 
cyclic ethers; respectively.
157,167
 In addition to the reduction in the amount of catalyst, 
other interesting features of catalyst regeneration is the ability of the reactions to be 
conducted starting with the relatively air- and moisture- stable transition complex in the 
higher oxidation state and even at ambient conditions. This was demonstrated in the 
successful ATRC of N-allyl-N-tosyldichloroacetamide utilizing as low as 5 mol% of 
[Cp
*
Ru
III
Cl2(PPh3)] in conjunction with metallic Mg, achieving yield as high as 94% 
after 4h at room temperature.  
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Table 1.6. ATRC of Bromoacetamides Catalyzed by Copper Complexes with TPMA 
Ligand in the Presence of AIBN.
a
 
Substrate Product Solvent T (
o
C) Yield (%) 
N
Br
O
Bn  
NO
Bn
Br
 
CH2Cl2 
CH2Cl2 
toluene 
50 
50 
110 
84 
97
b
 
87 
N
Br
O
Ts  
NO
Ts
Br
 
CH2Cl2 
 
50 95 
N
Br
O
Ts  
NO
Ts
Br
 
CH2Cl2 
 
50 100 
N
Br
O
Ts
Ph
 
NO
Ts
Br
Ph
 
CH2Cl2 
 
50 99 
N
Br
O
Ts  
NO
Ts
Br
 
CH2Cl2 
 
50 99 
N
Br
O
Bn  
NO
Bn
NO
Bn  
CH2Cl2 
toluene 
50 
110 
13
b 
88
b
 (1:2) 
N
Br
O
Bn  NO
Bn
NO
Bn
Br
 
CH2Cl2 
toluene 
50 
110 
30 (3:2) 
67 (1:1) 
N
Br
O
Ts  NO
Ts
NO
Ts
Br
 
CH2Cl2 
toluene 
50 
110 
33 (1:2) 
67 (1:1) 
N
Br
O
Ts  
NO
Ts
Br
NO
Ts
Br
 
toluene 110 90 (4:1) 
a
Reactions were performed with [substrate]0:[Cu
I
 or Cu
II
]0:[AIBN]0 = 1:0.01:0.10 for 24 
h.  
b
CuBr2/TPMA complex was used.  
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1.1.9  Catalyst Regeneration Technique in Sequential Organic Transformations 
 
What has made radical reactions increasingly significant in carbon-carbon 
formations is that they can be conducted using a wide spectrum of solvents ranging from 
aprotic to protic polar and even nonpolar media.
41,170-172
 An additional benefit is the high 
functional group tolerance of unprotected side chains. Compared to any radical reaction, 
TMC ATRA preserves the carbon-halogen bond in the resulting product, thus making it 
synthetically useful for further organic transformations. The aforementioned attractive 
features of both TMC intermolecular and intramolecular radical additions can be very 
conducive in performing one-pot sequential reactions.  
The versatility of the C-X bond as a subsequent precursor has been explored for 
reductive ring closure leading to the formation of cyclopropanes
173,174
 as shown in 
Scheme 1.12. Interestingly, the entire procedure was performed in one-pot via sequential 
ATRA and dechlorination processes in the presence of [Cp
*
Ru
III
Cl2PPh3] and Mg.
173
 In 
this transformation, Mg not only regenerates the catalytically active Ru
II
 complex, but 
also acts as dechlorinating agent. As shown in Scheme 1.12, the first step involves 
ruthenium-catalyzed addition of 1,1-dichlorides to olefinic substrates. The resulting 1,3- 
dichlorides are then directly converted to cylopropanes by reductive dehalogenation with 
Mg (Table 1.7). A shortcoming of this methodology, however, is the requirement of two 
different solvents for both reactions.  Ruthenium-catalyzed ATRA requires a nonpolar 
solvent such as toluene, while dechlorination is made possible after the external addition 
of tetrahydrofuran (THF), a polar solvent. Optimizations were then conducted utilizing 
metallic Mn instead of Mg.
174
 Sequential ATRA and dechlorination reactions were first 
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performed at room temperature, however, heating the mixtures to 60 
0
C reactions were 
found out to proceed more efficiently using THF as a solvent (Table 1.7) possible after 
the external addition of THF, a polar solvent. An alternative solution was sought, in 
which metallic Mn was utilized instead of Mg.
174
 Initially, sequential ATRA and 
dechlorination reactions were performed at room temperature using THF as solvent. 
Further optimization such as heating the mixtures to 60 
0
C reactions were found to 
proceed more efficiently (Table 1.7). 
 
Table 1.7. Sequential ATRA or ATRC and Dechlorination Reactions Catalyzed by 
[Cp
*
RuCl2(PPh3)] in the Presence of Mg
a
 or Mn.
b
 
Substrate(s) Product Reducing 
Agent 
t1 
(h) 
t2 
(h) 
Yield
c 
cis:trans
d 
ATRA 
Ph
Cl2HCCO2Et  
Ph
CO2Et
 
 
Mg 
 
 
6 
 
1 
 
74 
 
1:3.0 
Ph
Cl2HCCN  
Ph
CN
 
 
Mg 
 
24 
 
2 
 
70 
 
1:2.8 
Ph
CHCl3  
Ph
Cl
 
 
Mg 
 
24 
 
2 
 
71 
 
1:2.3 
O
O
Cl2HCCO2Et  
CO2Et
MeO2C  
 
Mg 
 
8 
 
3 
 
60 
 
1:2.9 
Cl2HCCO2Et  
MeO2C
Ph  
 
Mg 
 
48 
 
0.5 
 
51 
 
1:12.6 
Ph
Cl3CCO2Et  
Ph
CO2Et
Cl
 
 
Mn
e 
 
3 
 
/ 
 
64 
 
6:1 
Cl3CCO2Et
F
 
CO2Et
ClF
 
 
Mn
f
 
 
3 
 
/ 
 
49 
 
7:1 
Cl3CCO2Et
MeO
 
CO2Et
ClMeO
 
 
Mn
f
 
 
3 
 
/ 
 
49 
 
2:1 
Ph
Cl2C(CN)2  
Ph
CN
CN
 
 
Mn
g
 
 
19 
 
/ 
 
64 
 
/ 
34 
Cl2C(CN)2
F
 
CN
CNF
 
 
Mn
g
 
 
19 
 
/ 
 
83 
 
/ 
Cl2C(CN)2
MeO
 
CN
CNMeO
 
 
Mn
g
 
 
19 
 
/ 
 
51 
 
/ 
Ph
Cl2C(CN)2  
Ph
CN
CN
 
 
Mn
g
 
 
19 
 
/ 
 
53 
 
/ 
Cl2C(CN)2  
CN
CN
 
 
Mn
g
 
 
19 
 
/ 
 
73 
 
/ 
Ph
Cl2C(COOEt)2  
Ph
COOEt
COOEt
 
 
Mn
g
 
 
2 
 
/ 
 
66 
 
/ 
ATRC 
O
CCl3
Ph
 O
Ph
Cl
 
 
Mg 
 
3 
 
1 
 
67 
 
1:11.7 
N
ClCl
O
Ph  
N
Ph
O
 
 
Mg 
 
4 
 
0.5 
 
65 
 
/ 
N
ClCl
O
Ph
Cl
 
PhN
NPhO
O
 
 
Mg 
 
2 
 
24 
 
61 
 
/ 
a
ATRA reactions were performed in toluene with [alkene]0 = 0.33 M, [Cl2CHR]0 = 0.33 
M and [alkene]0/[Mg]0 = 1/40 with 1 mol% of Ru catalyst.ATRC reactions were 
performed in toluene with [alkene]0 = 0.16 M and [alkene]0/[Mg]0 = 1/40 with 1 or 2 
mol% of Ru catalyst. After the time t1 at 60 
0
C, the reaction mixture was diluted 2.5 times 
the volume of THF and stirred at t2 at either 0 
0
C or 25 
0
C.  
b
ATRA and dechlorination 
reactions were performed in THF over a single period of time (t1) with [alkene]0 = 0.10 
M, [Cl3CCOOEt, Cl2C(CN)2]0 = 0.40 M, [Cl2C(COOEt)2]0 = 0.25 M,  and 
[alkene]0/[Mn]0 = 1/5 with 
e
1, 
f
2  or 
g
5 mol% of Ru catalyst at 60 
0
C. 
c
Isolated yields. 
d
Cis:trans ratio was determined by 
1
HNMR analysis. 
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Scheme 1.12. Sequential ATRA/Reductive Dehalogenation in the Formation of 
Cyclopropane. 
Table 1.8. Sequential ATRA Reactions Catalyzed [Cp
*
RuCl2(PPh3)] and Mg. 
Olefin(s)
 a,b
 /Cl2CRR’ Product t1 (h) t2 (h) %Yield
 
Cl2CHCN
 
Cl ClCN
 
 
48 
 
/ 
 
91 
Cl2CHCNCl  
Cl ClCN
Cl Cl  
 
48 
 
/ 
 
90 
Cl2CHCN
F  
Cl ClCN
F F  
 
48 
 
/ 
 
92 
Cl2C(CN)2
 
Cl ClCN
CN
 
 
24 
 
/ 
 
88 
Cl2C(CN)2  
Cl ClCN
CN
 
 
24 
 
/ 
 
90 
Cl2C(CO2Et)CN
 
Cl ClCN
CO2Et
 
 
24 
 
/ 
 
90 
Cl2C(CO2Et)2
 
Cl Cl
O OEt
OEtO  
 
48 
 
/ 
 
70 
Cl2C(CN)2
 
Cl Cl
CN
CN
 
 
24 
 
24 
 
75 
Cl2C(CN)2
 
Cl CN
CN
Cl
Ph
 
 
24 
 
24 
 
76 
F
Cl2C(CN)2
 
 F
Cl CN
CN
Cl
 
 
24 
 
48 
 
70 
36 
Cl
Cl2C(CN)2
 
Cl
Cl CN
CN
Cl
 
 
24 
 
48 
 
70 
a
ATRA reactions were performed in toluene  at 60 
0
C with [alkene]0 = 1.50 M, 
[Cl2CRR‘]0 = 0.50 M or [2-vinylnaphthalene]0 = 0.90 M, [Cl2CRR‘]0 = 0.3 M and 
[Cl2CRR‘]0/[Mg]0 = 1/30 with 1 mol% of Ru catalyst relative to Cl2CRR‘. 
b
ATRA 
reactions with two different olefins were performed in toluene at 60 
0
C with [olefin 1]0 = 
0.55 M, [olefin 2]0 = 1.0 M, [Cl2CRR‘]0 = 0.50 M or [2-vinylnaphthalene]0 = 0.44 M, 
[styrene]0 = 0.80 M [Cl2CRR‘]0 = 0.40 M and [Cl2CRR‘]0/[Mg]0 = 1/30 with 1 mol% of 
Ru catalyst relative to Cl2CRR‘. 
c
Isolated yields relative to Cl2CRR‘. 
 
R1 + Cl2CR
2R3
[Cp*RuCl2(PPh3)], Mg
toluene, 60 0C R1 Cl
Cl R3
R2
R4+ R1
Cl R2
R3
R4
Cl
 
Scheme 1.13. Synthesis of 1,5-Dichlorides via One-Pot Consecutive ATRA Reactions 
Catalyzed by Ru
III
 Complex in the Presence of Mg.
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Recently, two consecutive ATRA reactions catalyzed by [Cp
*
Ru
III
Cl2(PPh3)] in 
combination with Mg have been reported. In this methodology, first step involves the 
addition of alkyl halide to an olefin to form a 1,3-dihalide. Further activation by 
homolytic cleavage of the C-X bond in the monoadduct generates an organic radical, 
which subsequently adds to another molecule of olefin to produce 1,5-dichloride (Scheme 
1.13).
175
 Such reaction demonstrated the synthetic attractiveness of ATRA in controlling 
product selectivity in two ways. First, ATRA was successfully terminated after the 
second step to form the 1,5-dihalides without contamination of oligomers/polymers. 
Second, reactivation of two 1,3-dichlorides (generated after the first ATRA) followed 
radical-radical coupling to form a diadduct was successfully prevented. Results for the 
one-pot, sequential ATRA reactions involving 1,1-dihalides to similar or different olefins 
are presented in Table 1.8. 
37 
It has been reported that cyclopropanes can be synthesized via Mg- or Mn-
induced dechlorination of 1,3-dichloride obtained from ATRA reaction.
173,174
 In a similar 
fashion, synthesis of cyclopentanes has been achieved from one-pot, three-component 
reaction involving two successive ruthenium-catalyzed ATRA and reductive 
cyclization.
175
 In this methodology, the 1,3-dihalide generated in the first ATRA step was 
subsequently activated, and added across the C=C bond of another alkene to form the 1,5-
dihalide. Reductive dehalogenation of the resulting monoadduct induced by LiCl 
provided the cyclopentane in modest yield (Scheme 1.14).  
 
Ph + Cl2CHCN
3          :             1
[Cp*RuCl2(PPh3)], Mg
60 0C, toluene
LiCl
THF, RT
one-pot reaction
CN
Ph Ph
42%  
Scheme 1.14. Synthesis of 1,5- Cyclopentane via Sequential ATRA and ATRC Reactions 
Catalyzed by Ru
III
 Complex in the Presence of Mg.
175
 
 
 
The scope of catalyst regeneration has also been expanded in intermolecular and 
intramolecular ATRA resulting in the regioselective formation of cyclic compounds 
(Scheme 1.15).
128,163,168,169
 The principal advantage of this methodology is that the 
presence of reducing agents enables the significant reduction of catalyst loading. Such 
reduction is very beneficial as it enhances the radical annulation efficiency by decreasing 
the rate of radical trapping by the deactivator (kd) compared to rate of radical ring closure 
(kc). Additionally, the rate constant for deactivation can be further controlled through 
ligand design. 
38 
1,6-Dienes are excellent candidates to further expand the methodology of catalyst 
regeneration because the addition of alkyl radicals results in the formation of 5-hexenyl 
radicals, which are known to undergo very fast regioselective 5-exocyclization.
98,176
 The 
results for ATRA followed by sequential ATRC of reaction mixtures of 1,6-dienes and 
CCl4 in the presence of free radical initiators such as AIBN
163,168
 or V70,
168
 and reducing 
agents such as Mg
169
 and ascorbic acid
128
 are summarized in Table 1.9. When 
[Cu
II
(TPMA)Cl][Cl] was used in combination with a free-radical initiator, truly 
remarkable results were obtained. In the presence of AIBN and running reactions at 60
0
C, 
cyclic products derived from the addition of CCl4 to 1,6-heptadiene, diallyl ether and 
N,N-diallyl-2,2,2-trifluoroacetamide were synthesized in nearly quantitative yields using 
as low as 0.02 mol% of catalyst (relative to diene). Excellent results with N,N-diallyl 
carbamate and diethyl diallylmalonate were also achieved using even smaller amounts of 
the catalyst (0.01 mol%).
168
 Photoinitiated decomposition of AIBN with the aid of a 
ultraviolet (UV) lamp enabled reactions to be conducted at room temperature.
163
 Utilizing 
0.05 mol% of the copper(II) complex, cyclization of diallyl ether, N,N-diallyl carbamate, 
diethyl diallylmalonate and N,N-diallyl-2,2,2-trifluoroacetamide proceeded efficiently 
after the addition of CCl4 furnishing 5-exocyclic compounds in yields higher than 90%. 
More outstanding results were achieved with the use of ascorbic acid as a reducing 
agent.
128
 Formation of the cyclic products derived from N,N-diallyl carbamate and CCl4 
was obtained in 99% yield with catalyst loading of  0.01 mol%. Cyclizations were also 
very efficient at ambient temperature using V-70 as a reducing agent, although slightly 
higher catalyst loadings were required (0.04-0.1mol%).
168
 
39 
Similarly, neutral copper(I) homoscorpionate complexes also required higher 
catalyst loadings of 1 mol% at 30 
0
C.
169
 However, these complexes have been shown to 
be quite promising in ATRA reactions in the absence of any reducing agents. The 
catalytic mechanism is not presently understood, however, it appears that an equilibrium 
between copper(I) and copper(II) species in these systems is controlled through the 
addition of an ancillary ligand such as acetonitrile, which in turn suppresses radical 
termination reactions. The data presented in Table 1.9 also indicate that regardless of the 
choice of the 1,6-diene, catalyst, reaction temperature or reducing agent, 1,2-disubstituted 
cyclopentanes showed a strong preference for the formation of the cis product, which was 
also observed in similar free radical cyclizations that do not utilize transition metal 
complexes as halogen transfer agents.
176-178
 
 
ClCl3C
O
O
ClCl3C
N
O
O
N
O
O
Cl3C Cl
OO
OO
OO
OO
ClCl3C
N
F3C
O
N
F3C
O
Cl3C Cl
 1              2              3                      4                       5
1a                       2a                     3a                      4a                         5a
+  CCl4
1a-5a
Cl CCl3
CuITpX or [CuII(TPMA)Cl][Cl]
reducing agents
1-5
tBu
tBu
 
Scheme 1.15.  Copper-Catalyzed ATRA of CCl4 to 1,6-Dienes in the Presence of 
Reducing Agents. 
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Table 1.9. ATRA of CCl4 to 1,6-Dienes Followed by Sequential ATRC Catalyzed by 
Cu
I
Tp
X
 and [Cu
II
(TPMA)Cl][Cl] Complexes in the Presence of Reducing Agents. 
Product Ligand
a 
T [
0
C] Reducing Agent [Cu
II
]0 (mol%) Yield (%) Cis:Trans 
1a Tp
tBu,Me 
30 / 1.0
b
 59 87:13 
 Tp
Cy,4Br
 30 / 1.0 62 84:16 
 TPMA 60 AIBN 0.02 95(83)
c 
84:16 
 TPMA 30 V-70 0.04 92 85:15 
 TPMA RT
d 
V-70 0.04 87 86:14 
2a Tp
tBu,Me 
30 Mg 1.0 >99 86:14 
 Tp
Cy,4Br
 30 Mg 1.0 >99 82:18 
 TPMA 60 AIBN 0.05 89(70)
c 
80:20 
 TPMA 30 V-70 0.1 91 79:21 
 TPMA RT V-70 0.1 80 82:18 
 TPMA RT
e 
AIBN 0.05 96 80:20 
 TPMA 60 ascorbic acid 0.1 86
 
76:24 
 TPMA 60 ascorbic acid 0.05 74
 
79:21 
3a Tp
tBu,Me 
30 Mg 1.0 95 87:13 
 Tp
Cy,4Br
 30 Mg 1.0 90 83:17 
 TPMA 60 AIBN 0.02 96 74:26 
 TPMA 60 AIBN 0.01 91(75)
c 
66:34 
 TPMA 30 V-70 0.02 87 64:36 
 TPMA RT V-70 0.02 77 56:44 
 TPMA RT
e 
AIBN 0.05 97 79:21 
 TPMA 60 ascorbic acid 0.01 99 73:27 
4a Tp
tBu,Me 
30 Mg 1.0 >99 93:7 
 Tp
Cy,4Br
 30 Mg 1.0 >99 90:10 
 TPMA 60 AIBN 0.02 >99 86:14 
 TPMA 60 AIBN 0.01 89(80)
c 
84:16 
 TPMA 30 V-70 0.02 90 91:9 
 TPMA RT V-70 0.02 81 86:14 
41 
 TPMA RT
e 
AIBN 0.05 93 83:17 
 TPMA 60 ascorbic acid 0.02 93 81:19 
 TPMA 60 ascorbic acid 0.01 82 82:18 
5a TPMA 60 AIBN 0.02 90(77)
c 
81:19 
 TPMA 60 AIBN 0.01 73 84:16 
 TPMA 30 V-70 0.02 95 73:27 
 TPMA RT V-70 0.02 87 73:27 
 TPMA RT
e 
AIBN 0.05 90 85:15 
a
Reactions with [Cu
II
(TPMA)Cl][Cl] were performed in CH3OH for 24 h with 
[CCl4]0:[1,6-Diene]0:[AIBN or V-70]0= 1.25:1:0.05, [1,6-Diene]0= 1.0 M or [CCl4]0:[1,6-
Diene]0:[ascorbic acid]0= 1.25:1:0.07, [1,6-Diene]0= 1.34 M. Reactions with Cu
I
Tp
X
 
were performed in [D6]benzene for 24 h with [CCl4]0:[1,6-Diene]0= 400:100. The yield is 
based on the formation of cis and trans cyclopentanes and was determined by 
1
H NMR 
using anisole or 1,4-dimethoxybenzene as internal standard (relative errors ± 15%). 
b
Mol 
percent of catalyst relative to 1,6-diene. 
c
Isolated yield after column chromatography. 
d
Room temp. = 22 ± 2 
0
C. 
e
Photoinitiated reactions using UV lamp.  
1.1.10 Section Summary and Project Overview 
 
Traditional transition metal atom transfer radical reactions (ATRA, ATRC and 
ATRP) have been conducted in high catalyst loadings in order to achieve high product 
selectivity. However, high amount of catalysts limited their synthetic usefulness because 
it resulted problems during product separation, catalyst recycling and most of all, it is 
environmentally unfriendly due to the large concentration of transition metal involved. 
The catalyst regeneration technique originally developed for ATRP circumvented the 
problems through the use of free-radical initiators and reducing agents, which prevent the 
accumulation of the deactivator by continuously regenerating the activator species. As a 
consequence, reactions can now be conducted in much lower catalyst loadings, thus 
making the overall process ―greener‖. Recently, this technique has become widely 
adopted in organic transformations such as TMC ATRC and sequential organic 
transformations. In an effort to further expand the scope of catalyst regeneration 
technique for synthetic utility, experiments have been initiated on the copper-catalyzed 
intermolecular and intramolecular ATRA via the cascade mechanism to form 
42 
functionalized rings. Details will be elaborated in succeeding chapters for the addition of 
polyhalogenated alkyl halides to symmetrical 1,6-dienes (Chapter 2) and unsymmetrical 
1,6-dienes or 1,6-diene esters (Chapter 3). Computational studies validating experimental 
observations will also be presented in Chapter 3 particularly for the cyclization of the 1,6-
diene esters.  
 
 
 
1.2 Click Chemistry 
1.2.1 Click Chemistry as a Guiding Principle 
 
The ―click chemistry‖ concept coined in 2001 by Sharpless, Kolb and Finn serves 
as a guiding principle in the quest for function and it can be summarized as: ―searches 
must be restricted to molecules that are easy to make.‖18 With its enormous and 
expanding arrays of applications in various disciplines such as chemistry,
18,19,179
 
biology,
180,181
 material science
182-184
 and drug discovery,
185-188
 it is undeniably the most 
eminent synthetic strategy of the century. A reaction under the ―click chemistry‖ 
classification is defined by a set of stringent criteria: modular, wide in scope, high 
yielding, stereospecific and generates safe by-products. Ideally, the synthesis utilizes 
readily available starting materials and proceeds under simple reaction conditions, either 
in neat or using environmentally benign and easily removable solvents. Purification 
involves non-chromatographic methods, preferably crystallization or distillation. Selected 
reactions shown in Figure 1.6 that have fulfilled the requirements include cycloadditions 
(1,3-dipolar cycloaddition and Diels-Alder reaction); nucleophilic substitution chemistry, 
43 
particularly ring-opening reactions of highly strained elctrophiles (epoxides, aziridines, 
aziridinium ions and episulfonium ions); carbonyl chemistry of the non-aldol type 
(formation of ureas, thioureas, aromatic heterocycles, oxime ethers, hydrazones and 
amides); and addition to carbon-carbon multiple bonds (oxidative and Michael 
additions).
18,185,187
 
 
Figure 1.6. Selected Reactions Fulfilling Click Chemistry Criteria. 
 
 
1.2.2 Copper-Catalyzed Azide-Alkyne Cycloadditon (CuAAC): The Center Stage 
of Click Chemistry 
 
Among the myriad of reactions that have met the ―click chemistry‖ requirements, 
the Huisgen azide-alkyne cycloaddition to yield 1,2,3-triazole is the premier 
example.
189,190
 The ease of azide synthesis and commercial availability of alkynes, along 
with their high kinetic stability and high tolerance to different functional groups and 
various solvents, have made them excellent coupling partners. Classical Huisgen 1,3-
dipolar cycloaddition was originally carried out by heating reaction mixtures. However, 
44 
this procedure was characterized by inherently low reaction rate and poor regioselectivity 
as demonstrated in the formation of stoiochiometric ratio of 1,4- and 1,5-triazoles 
(Scheme 1.16).
189,191
 Copper(I) catalysis reported independently by the groups of 
Meldal
192
 and Sharpless
193
 drastically changed the mechanism by accelerating the rate by 
a factor of 10
7
, allowing the reaction to proceed at lower temperature with the exclusive 
formation of the 1,4-triazole. Furthermore, the reaction is described to be  ―near perfect‖ 
since it does not require any protecting groups, proceeds to completion and provides 
quantitative yield with no need for lengthy purification method. Possessing all these 
characteristics, copper(I)-catalyzed [3+2]  azide-alkyne cycloaddition (CuAAC) has 
accelerated progress in many areas of science, becoming the center of attention and 
almost synonymous to the term ―click chemistry‖.  
 
Scheme 1.16. Thermal- and Copper(I)-Catalyzed Huisgen 1,3-Dipolar Cycloaddtion. 
 
 
Copper(I) mediated [3+2] cycloaddition of azides and alkynes stands out to be the 
most efficient methodology for the synthesis of a variety of functionalized 1,4-
triazoles.
19,20,179,187
 To date, various catalytic systems have been developed, all of which 
relies on the maintenance of high amounts of Cu
I
 species at all times during the 
reaction.
19,20
 Catalysts include copper(I) salts such as CuI, CuBr, CuCl and CuOAc and 
coordination complexes [Cu(CH3CN)4][PF6] and [Cu(CH3CN)4][OTf].
19,192
 In situ 
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reduction of Cu
II
 salts to Cu
I
 by sodium ascorbate or ascorbic acid has allowed reactions 
to be performed in aqueous conditions.
19,193
 A convenient procedure designed for 
substrates that are intolerant to ascorbate or its oxidation products is the 
comproportionation of Cu
0
 and Cu
II
. This is performed by utilizing copper metal in the 
form of wire, turnings powder or nanoparticles with or without a Cu
II
 source.
193-197
   
Recent reports suggest that ligand coordination can stabilize the copper(I) 
complex under aerobic aqueous conditions and facilitates the desired transformation. 
Effective ligands are typically N-based (Figure 1.7), particularly PMDETA,
198-206
 
bipyridine derivatives,
204,207-209
 terpyridine derivatives,
204
 Me6TREN,
204
 TPMA,
204
 tris-
(benzyltriazolylmethyl)amine (TBTA)
210-215
 and bathophenanthroline (batho).
209,216-219
 
TBTA and bathophenanthroline are commonly used in organic synthesis. In the synthesis 
of click-functionalized polymers, PMDETA is predominantly used over Me6TREN and 
TPMA. Several Cu
I
 complexes with N-heterocyclic carbene ligands have been utilized as 
catalysts in organic solvents, under heterogeneous conditions and in neat or solvent-free 
conditions.
220,221
 Phosphorus-based (P-based) ligands such as triphenyl phosphine 
(PPh3),
222,223
 trimethoxyphosphine (P(OMe3))
224
 and monodentate phosphoramidite
225
 are 
often used in organic solvents, in which Cu
I
 salts have limited solubility.  
The robustness of the reaction has been demonstrated by its ability to tolerate a wide 
spectrum of solvents.
19
 Most frequently, reactions utilizing Cu
I
 salts are performed in 
THF, CH3CN, DMSO, DMF, acetone or pyridine. Aqueous media particularly 
water/alcohol (t-BuOH, EtOH, MeOH) mixtures have been highly suitable for reactions 
utilizing CuSO4 in conjunction with a reducing agent (sodium ascorbate or ascorbic acid). 
 
46 
 
N
N N
N
N N
N
N
N
N
N
N
N
N
N
N
N
N
N
NN
N
N
N
N
N
N
N
N
NN
N
N
N
N
N
N
N
KO2C
CO2K
KO2C
N N
R R N N
N N
NaO3S SO3Na
N
O
N N
O
NH HN
N
N N
R = H, OMe, Me
NH
NH
N HN
 
Figure 1.7. N-Based Ligands Used to Promote Cu(I)-Catalyzed Triazole Formation. 
 
 
 
1.2.3 Mechanism of Copper(I)-Catalyzed Azide-Alkyne [3+2] Cycloaddition 
 
A large body of mechanistic insight emanated from computational
194,226,227
 and 
experimental
24,25,193
 investigations. Regardless of the starting copper salt or complex, it 
has been identified that Cu
I
 is the active catalytic species in the coupling of the 
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dipolarophile (organic azide) and alkyne. The mechanism begins with the coordination of 
the alkyne to form a -complex, which lowers the pKa of the alkynyl proton by 
approximately 10 units. This allows efficient deprotonation, converting the -complex to 
-acetylide copper intermediate. Kinetic investigations25 revealed that the reaction rate is 
second-order with respect to the metal suggesting the possible formation of Cu
I
 
aggregates.
226,227
 The coordination of the organic azide follows, which consequently 
activates the N-terminus for nucleophilic attack to the acetylide. This results in the 
formation of vinylidine-like structure, which subsequently turn to a more stable copper(I) 
triazolide.
228
 Lastly, protonolysis yields the 1,2,3-triazole and the copper(I) species back 
to the catalytic cycle.
24
 
 
Scheme 1.17. Proposed Catalytic Cycle of Copper-Catalyzed Azide-Alkyne 
Cycloaddition. 
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1.2.4 Applications of CuI Catalyzed Azide-Alkyne Cycloaddition 
 
1.2.4.1 Bioconjugation 
 
Owing to its broad chemical orthogonality and versatility, ―click chemistry‖ has 
been widely exploited in all aspects of bioconjugation, drug discovery and material 
science. In biomedical research, CuAAC has had a major impact in polypeptide/protein 
oligonucleotide and carbohydrate chemistry. It has become a powerful tool for successful 
covalent linking of biomolecules even under physiological conditions, thus allowing in 
vivo and in vitro studies to be performed. One useful application is the tagging of proteins 
and live organisms, in which a fluorescent dye is incorporated to the azide- and alkyne- 
modified proteins followed by copper-mediated [3+2] cycloadditon. Success in this area 
has been reported in the tagging of the cowpea mosaic virus (CPMV),
212
 surface proteins 
of Escherichia coli (E. coli)
229
 and proteins in Sacharomyces cerevisiae (S. cerevisiae).
230
 
Bioconjugation technique has also benefited oligonuceotide chemistry particularly in 
DNA labeling and sequencing.
231,232
 Modification of carbohydrates has been accessed 
through the easy introduction of azide groups and high reliability of click chemistry. 
Since 1,2,3-triazoles are capable of interacting with biological targets through hydrogen 
bonding and dipole interactions, carbohydrate modification has been performed by 
incorporating azido functional groups or azidocoumarin dye on the surface of cellulose 
and mixing it with low-molecular weight alkynes.
233
 
1.2.4.2 Drug Discovery 
 
Click chemistry was originally launched to meet the demands of medicinal 
chemistry.
18,185
 It does not necessarily replace traditional drug discovery techniques, 
49 
rather, complements and extends them. It has worked well in conjunction with structure-
based design and combinatorial library. As a powerful lead discovery, click chemistry has 
significantly contributed in developing novel approaches for screening libraries for 
potential pharmacophores, drugs and natural products. Furthermore, the synthesis of each 
library compound proceeds efficiently with high purity in short reaction sequences. 
Consequently, much compound diversity has been achieved and large-scale preparations 
are feasible utilizing commercially available building blocks.  
In recent years, novel means of lead discovery have been demonstrated in the 
synthesis of neoglycoconjugates,
234
 enzyme inhibitors and HIV inhibitors. Copper(I)-
catalyzed 1,3-dipolar cycloaddition simplified and accelerated the discovery of high-
affinity carbohydrate mimetics, an example of which is the synthesis of 
neoglycoconjugates starting from carbohydrate-derived azides and acetylenes.
234
 The 
reported discovery of selective inhibitors to fucosyltransferase, an enzyme responsible for 
the final glycosylation steps in the biosynthesis and expression of saccharides
235
 has been 
significant in cancer therapy. Recently, several elegant and thorough experiments have 
demonstrated the efficacy of copper(I)-catalyzed [3+2] azide-alkyne cycloaddition in the 
in situ target-directed synthesis of acetylcholinesterase (AcHE), an enzyme involved in 
neurotransmitter hydrolysis in the central and peripheral nervous systems and active 
target of Alzheimer‘s dementia drugs.236 Scope of in situ copper(I)-catalyzed [3+2] azide-
alkyne cycloaddition has been expanded to include carbonic anhydrase (CA) fragments
237
  
and HIV-protease targets.
238
  
1.2.4.3 Material Science and Polymer Chemistry 
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Although click chemistry was initially developed as a drug discovery tool, most 
successful applications thus far have been in the field of material science/polymer 
chemistry.
19,179,182-184,203,239-242
 The union between ―click chemistry‖ and controlled 
radical polymerization (CRP) techniques such as atom transfer radical polymerization 
(ATRP),
170,243,244
 Nitroxide-Mediated Polymerization (NMP)
245
 and Reversible Addition-
Fragmentation Polymerization (RAFT).
246,247
 Among the CRP methods, ATRP dominates 
the large body and even represents the first intensely exploited examples of combined 
azide-alkyne cycloaddition and living polymerization.
182,184,239,240
 Strategies (Figure 1.8) 
developed for the combination of the two reactions include the use of functional initiators 
(a), monomers bearing azido or acetylenic moieties (b) and post-polymerization 
modification, typically, the conversion of the halogen into azido groups (c) creating azido 
telechelic macromonomers (d), alkyne telechelic macromonomers (e) and pendant azido 
or acetylenic moieties within the side chains (f). In recent years, an extensive range of 
new polymeric materials (Figure 1.9) for macromolecular engineering and biological 
applications have been developed in conjunction with click chemistry; particularly 
multiblock copolymers,
248-250
 multisegmented block copolymers,
204,205,242,251,252
 
micelles
213,253,254
 and polymers with complex structures such as star polymers,
199,255-263
 
brush and graft copolymers,
203,256,264-266
  dendrimers,
267
 hydrogels,
268,269
 model 
networks
206
 and functionalized nanotubes.
270
  
High solvent and functional group tolerance of copper-catalyzed Huisgen 1,3-
dipolar cycloaddition have been very significant in developing strategies for biomaterial 
synthesis. At the same time, several polymeric techniques have been widely utilized in 
the preparation of water-soluble and biocompatible polymers. These are otherwise known 
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as polymer therapeutics enumerating polymer-drug conjugates,
271
 polymer-protein 
conjugates,
181,200,272
 glycopolymers/carbohydrate-polymer conjugates,
273,274
 polymeric  
N3
N3 N3
N3
(c)
(d) (e)
O N3
O
Br
O N3
O
O
NH2
O
X
NaN3 N3
(a) (b)
(f)
 
Figure 1.8. Functional Initiator (a), Monomers (b), Post-Polymerization Modification (c) 
and Clickable Macromonomers (d-f) Utilized in Combined ATRP and Azide-Alkyne 
Cycloaddition. 
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star polymers
model networks
block copolymers
graft polymers micelles nanotubes  
Figure 1.9. Representative Macromolecular Structures Constructed via ATRP and Click 
Chemistry. 
micelles
213,253,254,275
 to which a drug is covalently-bound, and multi-component 
polyplexes that are being developed for non-viral vectors.
212,273
 They are either active 
ingredients (bioactive) or inert functional components of materials or conjugates for 
improved drug, protein or gene delivery, thus enabling them to treat numerous diseases. 
Another appealing attribute of Cu
I
 azide-alkyne cycloaddition is its high reactivity in 
heterogenous systems, thus enabling chemoselective derivatization of exposed functional 
groups attached on various surfaces. This approach has been demonstrated in surface 
derivatization of bionanoparticles via ATRP and click chemistry.
213,217
 
Several reasons for the compatibility of these two reactions can be inferred from 
mechanisms. Firstly, both require the presence of the copper(I) species, however, in 
different contexts. The Cu
I
 species in ATRP serve as an activator for the homolytic 
cleavage of the C-X bond and at the same time, they are in dynamic equilibrium with 
their oxidized partners (Cu
II
) to maintain low levels of propagating chain 
radicals.
170,243,244
 Copper(I)-catalyzed Huisgen [3+2] cycloaddition on the other hand, 
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requires high levels of Cu
I
 at all times during the course of the reaction.
19,24
 Secondly, 
both require the presence of nitrogen-based complexing ligands. In ATRP, the presence 
of complexing ligands influence the redox potential, which is directly correlated with 
catalyst activity and equilibrium constant for atom transfer (KATRP). Mechanistic 
investigations revealed that the copper catalyzed azide-alkyne cycloaddition proceeds 
faster in the presence of aliphatic amine-based compared to the pyridine-based ligands, 
due to the high basicity and enhanced lability of the former. Additionally, faster rates 
were observed with tridentate versus tetradentate ligands. It is believed that the saturation 
of the Cu
I
 center by the tetradentate ligands blocks the coordination of the incoming 
alkyne and azide. Finally, click chemistry like ATRP, is highly tolerant to a wide range of 
reaction solvents. 
1.2.5 Sequential and Simultaneous Click Chemistry and ATRP 
 
As previously mentioned, ATRP represents the first example of living 
polymerization to be combined with click chemistry. This was demonstrated in the 
preparation of copolymers with 5-tetrazole units starting from homopolymers and 
copolymers (both random and block including polymers of polystyrene on silica support) 
of acrylonitrile obtained from ATRP.
241
 Nitrile functional groups were subsequently 
functionalized by the reaction with NaN3 in the presence of Lewis acid (ZnCl2) to yield 
polymer derivatives of tetrazole (a, Scheme 1.18). The same research group also reported 
the synthesis of side-chain modified polymers from the ATRP of 3-azidopropyl 
methacrylate as the monomer (b, Scheme 1.18).
203
 Copper-catalyzed click coupling of the 
azide moieties with various alkynes to form 1,2,3-triazoles proceeded efficiently at room 
temperature. Linear polystyrene bearing azido chain-ends coupled with multiple 
54 
functional alkyne-containing agents represented the first synthetic strategy to form three-
arm and four-arm star polymers via the sequential ATRP and azide-alkyne cycloaddition 
protocol (c, Scheme 1.19).
255
 Post-polymerization modification using the coupling 
procedure to generate the triazole groups was found to be fast and efficient under mild 
reaction conditions. The successful click functionalization of polymers generated from 
ATRP has attracted considerable interest in developing strategies for the construction of 
other macromolecular architectures. In particular, quantitative yields of macrocyclic 
polymers have been achieved through the ATRP of styrene utilizing an alkyne-
functionalized initiator followed by nucleophilic displacement of the terminal halogen in 
the polymer and intramolecular click coupling protocol.
276
 In a similar manner, cyclic 
polymer was also synthesized starting from N-isopropylacrylamide (NIPAM) serving as 
the monomer and the propargyl 2-chloropropionate as the functional initator (a, Scheme 
1.19).
277
 As one of the most efficient ways to combine different molecular structures 
together that are often found to be very challenging, click chemistry has played a major 
role in linking homopolymers to form block copolymers. Utilizing a modular approach, 
an initiator bearing a trisopropylsilyl (TIPS) protected acetylene, homopolymers of 
polystyrene (PS), poly(tert-butyl acrylate) (PtBA) and poly(methyl acrylate) (PMA) were 
synthesized by means of ATRP.
278
 Terminal bromides were displaced by azides, 
followed by cleavage of the protecting group. Resulting homopolymers were linked 
together via copper(I)-catalyzed azide-alkyne cycloaddition forming an ABC type of 
block copolymer (b, Scheme 1.19). Employing the same strategy, polymers with azide as 
well as alkyne functionalities were first prepared from ATRP. Subsequent click coupling 
provided amphiphilic block copolymers.
279
 Thermoresponsive microcapsules have also 
55 
been fabricated based on covalent layer-by-layer (LbL) assembly via 1,3-dipolar 
cycloaddition using clickable azido- and acetylene-functionalized poly(N-
isporopylacrylamide) (PNIPAm) copolymers, which were synthesized by ATRP.
280
In 
essence, modular processes that sequentially combine ATRP and CuAAC have been 
proven to be powerful synthetic routes to functional polymers with complex 
macromolecular architectures. These reactions were originally performed in separate 
mixtures, in which the polymers obtained via ATRP were isolated and utilized for click 
derivatization in the second step.  
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Synthesized via Sequential ATRP and Click Reactions. 
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In recent reports, a one-pot, two-step protocol has been developed for the 
combination of ATRP and CuAAC reactions.
184
 This has been demonstrated in the 
synthesis of functional linear homopolymers such as poly(methyl methacrylate) with 
triazole terminus (a, Scheme 1.20)
281
 and triazole-derived hydrophilic methacrylic 
macromonomers (b, Scheme 1.20).
282
 Another example includes the work of Dubois and 
co-workers, in which well-defined amphiphilic diblock copolymer, poly(-caprolactone)-
block-poly(N,N-dimethylamino-2-ethyl methacrylate (PCL-b-PDMAEMA) was 
synthesized from the ATRP of N,N-dimethylamino-2-ethyl methacrylate (DMAEMA) 
with azide-functionalized initiator (2-(2-azidoethoxy)ethyl bromisobutyrate) followed by 
in situ click coupling with -isopropoxy--4-pentynoate-poly(-caprolactone)(PCL-
CCH) macromonomer (c, Scheme 1.20).283 
Recent reports also revealed that both organic transformations occur 
simultaneously. Haddleton and co-workers reported the preparation of methacrylic 
polymer with triazole in one-pot using an ATRP initiator, CuBr/N-
ethylpyridineimine/triethylamine, alkyne-containing monomer  (propargyl methacrylate) 
and an organic azide all at once in the reaction mixture (a, Scheme 1.21).
284
 
Drockenmuller‘s group described the elaborate preparation of random copolymers using 
two complementary tandem strategies based on the one-pot combination of click 
chemistry and ATRP.
285
 In the first strategy, functionalized random copolymers were 
obtained from the simultaneous copolymerization of methyl methacrylate and propargyl 
acrylate and click coupling of a monofunctional azide. In another approach, 
copolymerization of methyl methacrylate and 11-azidoundecanoyl methacrylate and 
triazole formation utilizing monofunctional alkyne occurred simultaneously. In another 
59 
approach, copolymerization of methyl methacrylate and 11-azidoundecanoyl 
methacrylate occurred simultaneously to triazole formation utilizing monofunctional 
alkyne (b, Scheme 1.21).
285
 Facile one-pot synthesis of miktoarm star terpolymers has 
been achieved by simultaneously conducting ATRP, ROMP and click chemistry using 
CuBr/PMDETA catalytic system, starting from trifunctional core molecule alkynyl(-
OH)-Br  and azide-terminated polystyrene (PS-N3) (c, Scheme 1.21).
261
 Simultaneous 
interpenetrating polymer networks (sIPNs) has also been synthesized via concurrent 
ATRP and click chemistry utilizing semi-(poly(polyethylene glycol)/poly(2-hydroxyethyl 
methacrylate) PEG/PHEMA-sIPN and poly(ethylene glycol)-diazide (N3-PEG-N3).
268
 
Functional microspheres, also referred to as therapeutics because of their potential 
applications as drug delivery vesicles and protecting shields for biomacromolecules, have 
also been prepared. As a proof of concept, simultaneous [3+2] azide-alkyne cycloaddition 
and dispersion ATRP was conducted in the reaction of ethynyl pyrene, azide-
functionalized initiator and methyl methacrylate catalyzed by Cu
I
Br ligated to 
perfluorinated amine-based macroligand using a supercritical fluid provided functional 
microsphere.
286 
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Scheme 1.20. Reactions Performed via One-Pot Sequential ATRP and Click 
Chemistry.
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1.2.6 Section Summary and Project Objective 
 
Sequential reactions involving copper-catalyzed ATRP and azide-alkyne [3+2] 
cycloaddition have attracted considerable interest. This methodology provided means to 
rapid development of a plethora of functionalized molecules with complex 
macromolecular architectures chemistry.
19,179,182-184,203,239-242
 Despite the success in 
various applications, the synthesis of small molecules seems to be somewhat neglected. 
Thus, we initiated a study on sequential reactions that would yield compounds bearing 
triazole and halide functionalities. The presence of the C-X bond in the resulting 
molecule is synthetically attractive because it offers versatility towards further organic 
transformations involving reduction, elimination, conversion to a Grignard reagent or free 
radical.
287
 Our motivation for this study was primarily to demonstrate the synthetic 
usefulness of catalyst regeneration technique in mediating sequential organic reactions in 
one-pot. The pioneering work on copper-catalyzed ATRA in the presence of diazo 
compounds radical initiators showed significant reduction of the required catalyst loading 
with high turnover numbers (TONs).
132,149
 Improved selectivity on very reactive alkenes 
prone to polymerization was demonstrated in the use of radical initiator that decomposes 
at ambient condition
155
 and photinitiated copper(I)-mediated ATRA performed at room 
temperature.
163
 Very recently, we have successfully reported ATRA reactions mediated 
by copper(II) complexes in conjunction with a more environmentally benign reducing 
agent. Thus, the use of ascorbic acid in ATRA and ATRC gave high product yields and 
TONs and even superior selectivity toward the monoadduct formation.
128
  
Based on literature reports, triazole formation via copper(I) catalyzed [3+2] azide-
alkyne cycloaddition is commonly conducted via in situ reduction of Cu
II
 to Cu
I
 species 
63 
by sodium ascorbate or ascorbic acid.
19,193
 At the same time, ATRA reactions have been 
reported to proceed efficiently via in situ reduction of Cu
II
 complex to the activator 
species or Cu
I
 complex has been fulfilled in the presence of ascorbic acid.
128
 Since the 
aforementioned reactions share similar catalyst in the form of copper(I), a logical step 
was taken in performing these reactions in one-pot sequential manner which will be 
discussed in Chapters 4 and 5.  
 
 
1.3 Cyclopropanation Reaction 
 
Cyclopropane and cyclopropane derivatives are the simplest among the carbocycles 
to perform a key structural role in a wide array of bioactive natural and synthetic 
products.
299,300
 In organic synthesis, the cyclopropyl group plays a significant role as 
starting material and reaction intermediate, particularly in ring opening reactions, ring 
expansions and contractions.
301
 The importance of these compounds has recently drawn 
considerable attention and efforts have been invested in the development of catalytic 
methods in asymmetric synthesis of the target compounds.
300,301
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Scheme 1.22.  Synthetic Methodologies Involved in Cyclopropane Formation. 
 
 
There are three synthetic methodologies that have been developed to generate 
cyclopropanes (Scheme 1.22). One of them includes the halomethyl mediated 
cylopropanation, commonly known as the classical Simmons-Smith reaction (eq.1).
301,302
 
Its mechanism involves the reaction of a carbenoid, in the form of iodomethylzinc iodide 
(IZnCH2I) to alkenes. Transition metal-catalyzed decomposition of diazo compounds 
represents most effective and efficient cyclopropanation procedure (eq.  2).
15-17,301
 
Formation of three-membered rings via nucleophilic addition to alkenes to form an 
enolate, followed by cyclization is described as Michael-initiated ring closure reaction 
(MIRC), which can be classified into two types (eqs. 3 and 4).
17,303
 Methylene transfer 
from ylides of sulfur, phosphorous, arsenium and telluronium to electrophilic alkenes, 
constitutes the first type (eq. 3).
303-305
 Alternatively, cyclopropanation reaction can be 
carried out by the addition of nucleophiles (alkoxides, thiolates, Grignard reagents, 
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hydrides, phosphates and phosphonites) to substrates containing a leaving group (eq 4). 
306
 
Stereoselective addition of a carbene into an olefin to form optically active 
cyclopropanes is a very significant reaction (eq. 2) and represents the earliest form of 
asymmetric synthesis and thus, most extensive studies have been devoted on the 
development of transition metal catalysts. From a mechanistic point of view, the 
transition metal plays a significant role in facilitating the extrusion of dinitrogen gas (N2), 
and in the formation of a stable reaction intermediate.
15,16,301,307 
Effective catalysts for 
diazo decomposition include a variety of ruthenium, rhodium, palladium, copper, gold 
and silver complexes.
15,17,308
 
 
1.3.1 Historical Perspective of Copper-Catalyzed Cyclopropanation 
 
Copper catalysis in cyclopropanation has been known for over a century.
309
 
Bronze, copper(II) sulfate and copper(II) oxide are among the first known catalysts for 
diazo decomposition.
16,307,309
 Nozaki and Noyori reported copper-catalyzed 
cyclopropanation as the first successful asymmetric homogenous transition metal 
catalysis in 1966.
310
 The reaction between ethyl diazoacetate and styrene in the presence 
of a chiral nitrogen-based ligand shown in Figure 1.10 (bis(acetylacetonato) copper (II) 
complex, structure A) gave the corresponding mixture of trans- and cis- isomers of 2-
phenylcyclopropanecarboxylate in a 1:2.3 ratio. Although enantioselectivity was modest, 
this served as a guide for further ligand modification. Subsequently, Aratani reported 
improvement in enantioselectivity after designing and evaluating the activity of 
salicylaldimine ligands (Figure 1.10, structure B) ligated to copper.
311,312
 Nozaki and 
Noyori confirmed the importance of carbene coordination to copper based on their 
66 
investigation, in which the desired products were not achieved in the absence of a copper-
chelate.
313
 Moser reported the use of Cu
I
Cl in conjunction with trialkyl and triaryl 
phosphite ligands and explained the steric effects of the ligands.
314
 Basic understanding 
of copper catalysis was first elaborated in the seminal report by Salomon and Kochi.
315
 
During the course of their investigation, they discovered that copper(I) triflate, CuOTf 
(OTf = CF3SO2Ph) was very active in the cyclopropanation of various olefins with diazo 
compounds. This drew attention to the Cu
I
 as the active form of the catalyst rather than 
Cu
II
 species for diazo decomposition. Additionally, copper(II) triflate and other Cu
II
 salts 
could be utilized as catalysts after in situ reduction  to Cu
I
.  
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Figure 1.10. First examples of copper complexes employed in asymmetric 
cyclopropanation. 
 
 
 
1.3.2 Mechanism of Copper-Mediated Cyclopropanation Reaction 
 
Copper reacts with the diazo compound to generate a transient electrophilic 
copper-carbene through a σ-donation and π-backbonding.316,317 The carbene contains a 
non-bonding pair of electrons located in the sp
2
 orbital, which are donated to the metal to 
form a σ-bond. The copper donates an electron to the empty p orbital of the carbene 
forming a  bond. In the absence of an olefin, the carbene dimerizes, forming the cis- and 
trans- coupled products. In the presence of an olefin, the carbene dissociates from the 
67 
complex and selectively adds to the double bond, forming the three-membered cyclic 
compound. 
In recent years, Cu
I
-mediated cyclopropanation reaction has been the subject of 
kinetic and mechanistic investigations.
15,16,315,318-321
 Perez and co-workers presented 
catalytic cycle based on collective kinetic data on the BpCu
I
-catalyzed (Bp= 
dihydrobis(pyrazolyl)borate) decomposition of ethyl diazoacetate (EDA) in the absence 
and presence of olefin.
319,321
 In the absence of an olefin, the coordinatively unsaturated, 
14 e
-
 BpCu
I
 complex, facilitated the decomposition of ethyl diazoacetate (EDA) to form a 
copper-carbene complex. However, the addition of an olefin resulted in a rate-retarding 
effect on the BpCu
I
-carbene complex formation and this could be attributed to the BpCu
I
-
olefin complex formation. Addition of other coordinating ligands showed a similar effect 
on the rate of diazocarbene decomposition. Mechanistic interpretations as shown in 
Scheme 1.23 account for the dissociative ligand exchange and the existence of two pre-
equilibria (KL and Ko) prior to the interaction of EDA to the copper center. This led to a 
proposition that the active catalytic species could be the coordinatively unsaturated, 14 e
-
 
species and the Cu
I
-carbene is the reaction intermediate.
319,321
  
Details of the catalytic cycle have been studied using density functional level of 
theory (DFT).
317,322
 According to Straub and co-workers, the copper(I)-olefin complex is 
the resting state of the catalytic cycle, which is in agreement with kinetic 
investigations.
317
 The existence of pre-equilibrium can be attributed to the copper(I)-
diazoalkane complex, copper(I)-olefin complex, free diazoalkane and free alkene. The 
first step involves the complexation of the diazo compound through the displacement of 
the olefin or excess ligands present, which is also found to be rate-determining.  All 
68 
theoretical studies agree on the central role to the copper(I)-carbene as the reactive 
species, which is formed after N2 extrusion.  
 
 
Scheme 1.23. Proposed Catalytic Cycle for Copper-Catalyzed Cyclopropanation 
 
 
Until 2000, the existence of the reactive copper(I)-carbene intermediate remained 
undetected. For this reason, Straub and Hofmann synthesized copper(I) alkene 
iminophosphanamide complexes, which allowed feasible isolation of a sterically 
stabilized copper diazoalkane complex. Conversion of the resulting complex to copper(I)-
carbene species was monitored through in situ low-temperature spectroscopic 
characterization was the first to document the existence of a carbene intermediate, which 
is the active catalytic species in cyclopropanation.
323
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Figure 1.11. Copper(I)-carbene complex 
 
 
1.3.3 Aspects of Reaction 
 
1.3.3.1 Role of Olefin Coordination 
 
Salomon and Kochi have extensively studied the role of the olefin in copper-
catalyzed cyclopropanation.
315
 Generally, relative reactivity of olefins correlate to the 
stability of resulting Cu
I
-olefin complexes.
314,315
 Experimental observations revealed that 
the copper center presents a high affinity for the olefin, promoting the coordination and 
therefore inhibiting the diazo decomposition.
15,307,315
 As a consequence, reaction 
selectivity and product distributions change towards the formation of the desired 
cyclopropanes and decreased amounts of the undesired products in the form of coupled 
carbenes.  
The observed increased product selectivity in the presence of excess olefin has led 
to the preparation of olefin-copper(I) complexes and used as catalysts for the conversion 
of olefins to cyclopropanes.
323,324
 The copper(I) complex Tp‘Cu(C2H4) (complex 1 of 
Figure 1.12, Tp‘ = hydrotris(3,5-dimethyl-1-pyrazolylborate) was found to be an efficient 
catalyst under mild conditions for the diazo decomposition followed by carbene transfer 
to various alkenes (styrene, cis-cyclooctene and 1-hexene).
324
 Styrene and cis-
cyclooctene displayed similar reactivities, with yields greater than 90% were achieved, 
while 1-hexene gave the corresponding cyclopropane in 76% yield. Straub and Hofmann 
synthesized a novel copper(I) ethylene complex, (tBu2P(NSiMe3)2N)Cu(C2H2) (complex 
70 
2 of Figure 1.12), which can catalyze the cyclopropanation of styrene with -
carbonyldiazoalkane at room temperature.
323
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Figure 1.12. Copper(I)-olefin Complexes as Catalysts in Cyclopropanation 
 
 
 
1.3.3.2 Role of Counterion 
 
It has been suggested that significant ionic interactions can occur during catalysis 
and influence reaction selectivity. Binary copper(I) and copper(II) salts with weakly 
coordinating anions such as triflate (OTf
-
) and perchlorate (ClO4
-
) are strongly ionized in 
solutions.
315
 This enabled accessible coordination of the olefin to the metal center and 
consequently, the preferential cyclopropanation of olefins with diazo compound. In 
accordance with this, there is emerging evidence that noncoordinating and weakly 
coordinating ions can have dramatic influence on enantioselectivity. This was 
demonstrated in the reactions catalyzed by neutral bis(oxazoline) complexes of Cu
I
 and
 
Cu
II
 complexes with triflate counterion, in which superior enantioselectivity was 
achieved.
325,326
 It has also been reported that cationic copper(I) complexes with triflate 
325 
and hexafluorophosphate (PF6
-
)
327
 counterions are efficient catalysts. On the other hand, 
counteranions such as chloride (Cl
-
), cyanide (CN
-
), acetate (OAc
-
) and ClO4
-
 showed 
little or no catalytic activity and the observed enantioselectivity was inferior to those of 
71 
triflate-ligand complexes.
325
 In particular, when the counterion was changed from OTf
-
 to 
Cl
-
 in the bis(oxazoline)-copper(I) complex, the cyclopropanation of styrene with ethyl 
diazoacetate resulted in decreased enantiomeric excess (ee): from 94 to 3% for trans-
cyclopropanes, and from 92 to 8% for cis-cyclopropanes.
328
 The origin of this behavior, 
however, still remains unclear and mechanistic interpretation is not available. 
A theoretical investigation dealing with the effect of the counterion of the 
catalytic complex and on the mechanism of the cyclopropanation reaction and its effect 
on enantioselectivity has been conducted.
329
 Theoretical calculations were carried out on 
a simple nonchiral diimine-copper(I) and chiral bis(oxazoline)-copper(I) complexes with 
a coordinating chloride anion. The Cl
-
 had important consequences on the geometries of 
the reaction intermediates and transition structures but not on the overall reaction 
mechanism. The main effect was manifested in the reduced chemoselectivity toward 
cylopropanation and increased carbene dimerization. Such occurrence was attributed to 
the high activation energy barrier for alkene insertion and the propensity of the Cl
-
containing complex to exist as a dimer. Theoretical calculations on a chiral 
bis(oxazoline)-copper(I) complex in the presence of Cl
-
 agreed with the decreased 
enantioselectivity observed experimentally, which has been explained by the Pfaltz 
model. According to this model, the main steric interaction between the carbonyl oxygen 
of the carbene ester group and the substituent on one of the stereogenic centers of the 
ligand is crucial for asymmetric induction. In the presence of Cl
-
, the distance calculated 
between the two groups was longer. As a consequence, the diastereomeric transition 
structures for the carbene insertion lack any clear steric interaction that is able to 
discriminate the two prochiral faces of the carbene-carbon atom. 
72 
1.3.4 Asymmetric Cyclopropanation 
 
1.3.4.1 Origin of Trans/Cis Selectivity 
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Figure 1.13. Preferred Conformations of trans- and cis- Transition States (Tc and Tt) 
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Scheme 1.24. Origin of Trans/Cis Selectivity 
 
It is generally accepted that effective carbene transfer leading to cyclopropanation 
occurs by the association of the olefin to the metal-carbene complex, giving rise to four 
orientations, representing the basis set of stable conformations (C1, C2, C3 and C4) as 
shown in Figure 1.13.
307,330
 During the course of the reaction, the olefin rotates around 
the electrophilic center to an orientation that places the carbon-carbon bond of the olefin 
parallel to the metal-carbon bond so that the more substituted carbon of the olefin is anti- 
to the transition metal (Scheme 1.24).
330
 In this operation C1 and C2 are both transformed 
to the trans transition state (Tt), while C3 and C4 are give rise to the cis transition state 
(Tc). In the absence of steric interaction between the R group of the olefin and the Z 
substituent of the carbene in Tc, the more kinetically favored cis cyclopropane is formed. 
As steric interactions become significant, Tt is favored and thus trans cyclopropane 
73 
predominates.
307,330
 
1.3.4.2 Enantioselectivity 
 
 Nozaki and co-workers first realized that the formation of different enantiomers 
could be attributed to the ligand with pronounced chirality.
310,313
 Enantioselectivity in 
cyclopropanation reactions has been explained by the Pfaltz model (Scheme 1.25).
331
 
Accordingly, the more nucleophilic end of the olefin approaches the carbene in two ways: 
the Si attack (pathway A) and Re attack (pathway B) with concomitant pyramidalization 
of the involved centers. Pathway B leads to the formation of cyclopropanes with 
configurations of 1R, 2R and 1R, 2S. In this approach, the carbenoid ester group is 
directed towards the alkyl substituent (R) of the ligand, which is positioned above the 
plane bisecting the carbenoid ester group, causing repulsive interaction as the reaction 
proceeds. Pathway A is more favorable than B since olefin attacks the carbene in two 
possible ways: transoid and cisoid to the ester group of the carbenoid affording 
cyclopropanes having 1S, 2S and 1S, 2R stereochemical configurations. This approach is 
more favorable since the substituents between the carbene ester and ligand are too remote 
to experience repulsion, as shown in the transition state (Scheme 1.25. In addition, this 
model outlines the trans- and cis- diasteroselectivity. In a prototypical cyclopropanation 
of styrene with a diazoester, considerable steric interaction builds up between the ester 
group of the carbene and the olefinic substituents (R1 and R2) in the cisoid attack. If 
pathway A is followed, there is a strong stereochemical preference towards the trans- 
isomer and can be explained in two reasons. First, olefinic bonds are too remote to 
experience steric repulsion from the ligand. Second, the orientation of alkyl (R) group of 
74 
the olefin being transoid to the carbene minimizes steric interaction between the R group 
of the olefin and the ester group of the carbene. 
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Scheme 1.25. Origin of Enantioselectivity
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1.3.4.3 Chiral Ligands in Achieving Enantioselectivity 
 
After the seminal report of Nozaki and Noyori in the first effective asymmetric 
induction in cyclopropanation catalyzed by the simple chiral copper salicylaldimine 
complex, giving modest enantioselectivity,
310
 Aratani developed and designed a more 
effective salicylaldimine ligand.
311,312
 The resulting copper complex demonstrated 
effectiveness in mediating intermolecular cyclopropanation especially the 2,5-dimethyl-
2,4-hexadiene and isobutylene. Until, the mid 1980s, Aratani‘s catalyst emerged to be the 
most effective and has been employed by other research groups in both intermolecular 
and intramolecular cyclopropanations.
311,312,332,333
 In recent years, extensive studies have 
been focused on the design and development of chiral copper complexes for 
enantioselective cyclopropanation reactions that could give results beyond the 
salicyclaldimine-copper complex. To date, over a hundred chiral ligands have been 
synthesized and tested in copper-mediated enantioselective cyclopropanation 
75 
reactions.
2,14,17,325,331,334-345
 Figure 1.14 and Table 1.10 summarize the chiral ligands that 
have contributed modest to superior enantioselectivity in the cyclopropanation of styrene 
with diazoacetates (ethyl, tert-butyl- d-menthyl, l-menthyl, and 2,6-di-tert-butyl-4-
methylphenyl (BHT)). 
In the late 1980‘s the major advance in catalytic design and development was 
spearheaded by Pfaltz and coworkers who first introduced copper(II) complexes that 
could be reduced to copper(I) complexes bearing the semicorrin ligands by diazo 
reagents.
331
 The potential of the semicorrin ligands when tested in cyclopropanation 
reactions gave excellent enantioselectivities (99%), however, low yields were obtained.
331
 
Following the success of the semicorrin, led to the construction of alternative 5-
azasemicorrin ligands, which were readily assembled from corresponding butyrolactam 
derivatives.
335
 In recognition of the enantioselective control promoted by these C2-
symmetric ligands, structural analogues such as bis(oxazolines) and 
methylenebis(oxazolines), were synthesized from commercially available amino alcohols 
by the groups of Masamune,
336,346
 Evans,
325,326
 Corey
347
 and Pfaltz.
337
 After the 
pioneering work of Evans involving the direct preparation Cu
I
OTf and bis(oxazoline) as 
catalysts, further cyclopropanation reactions were conducted by several groups utilizing 
copper(I) complexes in conjunction with chiral ligands, which displayed high 
enantioselectivities.  Ito and Katsuki prepared chiral ligands with pyridine moieties, such 
as bipyridines, which have proven to be effective for enantiocontrol in select 
cyclopropanation reactions.
348-350
 Phenanthroline-based ligands
351
 with pronounced 
chirality when utilized in cycloropanation gave poor results when compared to the 
bipyridines. The copper(I) complexes of simple diamines  showed promising results in 
76 
controlling diastereoselectivity towards the trans- cyclopropane.
342,343
 Kwong carried out 
cyclopropanation of styrene with terpyridine complexes of copper(II), giving excellent 
yields (87-98%) and enantiomeric excess of 86%.
352
 Surprisingly, diastereoslectivity 
towards the cis-cyclopropane was achieved in the presence C3-symmetric 
tris(pyrazolyl)borate ligands, also called homoscorpionate copper(I) complexes.
21,353
 
Copper(I) complexes of tris(pyrazolyl)pyridines have also been found to catalyze 
cyclopropanation reactions providing moderate yields and low enantioselectivities.
345
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Figure 1.14. Chiral Ligands utilized in Copper-Mediated Cyclopropanation Reactions. 
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Table 1.10. Enantioselective Cycopropanation of Styrene with Ethyl Diazoacetate Catalyzed by Complexes of Copper in Conjunction 
with Chiral Ligands. 
Ph
+ N2 CHCOOR Ph R
catalyst
Ph R
   trans               cis
A: R = Et, B: R =tBu, C: R = d-menthyl, D: R = l-menthyl
E: R = BHT (BHT =2,6-di-tert-butyl-4-methylphenyl)  
Entry Diazoacetate Cu
I
/Cu
II 
salt Ligand % Yield Trans:Cis Ratio 
% Enantiomeric 
excess (trans/cis) 
Ref 
1 A Cu(OtBu)2 1a 65 73:27 92/80, 85/68 331,334 
2 C Cu(OtBu)2 1b 60-70 82:18 97/95 331 
3 A CuOTf 2a 80 75:25 94/68 335 
4 C CuOTf 2a 89 84:16 98/99 335 
5 A CuOTf 2b 45 77:23 95/90 335 
6 A CuOTf 3a ND 66:34 3/8 335 
7 A CuOTf 4a ND 64:36 64/48 326 
8 D CuCl2 4b 71 86:14 98/96 336 
9 A CuOTf 4b ND 77:23 98/93 337 
10 A CuCl2 4b 80 75:25 90/77 336 
11 D CuCl2 4b 71 86:14 98/96 336 
12 A CuCl2 4c 72 71:29 46/31 336 
13 A CuCl2 4d 76 71:29 36/15 336 
14 A CuCl2 4e 81 70:30 60/52 
336 
15 A CuCl2 4f 88 75:25 48/36 
336 
  
7
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16 A CuCl2 4g 78 72:28 19/31 
336 
17 C CutBuO 4h ND 83:17 90/90 337 
18 A CuOTf 5a ND 69:31 49/45 326 
 
19 A CuOTf 5b 77 73:27 99/97 326 
20 E CuOTf 5b 85 94:6 99 326 
21 A CuOTf 6a 93 62:38 79/78 338 
22 A CuOTf 6b 94 73:27 84/83 338 
23 A CuOTf 7a 85 72:28 72/70 339 
24 B CuOTf 7b 75 86:14 92 348 
25 A CuOTf 8a 50 80:20 89/74 340 
26 A CuOTf 9a 89 86:14 80 341 
27 A Cu(OTf)2 9a 95 86:14 86 341 
28 A CuOTf 10a 63 68:32 24/19 351 
29 A CuOTf 10b 67 60:40 47/37 351 
30 B CuOTf 10b 61 70:30 65/64 351 
31 A CuOTf 11a 57 64:36 30/22 351 
32 A CuOTf 11b 51 60:40 32/12 351 
33 B CuOTf 11b 58 78:22 66/38 351 
34 A Cu(OTf)2 12a 87 64:36 75/84 
352 
35 A Cu(OTf)2 12b 98 68:32 86/90 
352 
36 B Cu(OTf)2 12b 91 77:23 85/90 
352 
37 C Cu(OTf)2 12b 89 91:9 83/58 
352 
38 D Cu(OTf)2 12b 90 75:25 76:83 
352 
39 A Cu(OTf)2 12c 98 59:41 40/51 
352 
  
8
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40 A Cu(OTf)2 12d 97 61:39 72/75 
352 
41 A Cu(OTf)2 13a 88 74:26 86/58 331 
42 C Cu(OTf)2 13a 50 93:7 96/6 342 
43 A CuOTf 14a 82 ND 60/52 343 
44 A Cu(OAc)2 15a 68 76:24 40/57 343 
45 A CuI 15a 48 68:32 36/54 353 
46 A CuOTf 15a 53 76:24 40/62 353 
47 A CuI 16a 80 20:80 ND 344 
48 A CuI 16b 87 18:82 ND 344 
49 A CuI 16c 86 18:82 ND 344 
50 A CuI 16d >98 2:98 ND 344 
51 A CuOTf 17a 73 63:37 40/41 345 
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1.3.5 Section Summary and Project Overview 
 
 In recent years, efforts have been directed on the development of asymmetric 
cyclopropanation reactions via copper-catalyzed decomposition of diazo compounds 
followed by carbene insertion to olefins. Successful diastereo- and enantiocontrol have 
been achieved through empirical catalyst development, in particular, the design and 
synthesis of various copper complexes bearing ligands with renowned chirality. In 
addition, kinetic and theoretical investigations have contributed to the elucidation of the 
reaction mechanism. Two points of the mechanistic detail are widely accepted: that the 
actual catalyst is a Cu
I
 species even if Cu
II
 is used and that a short-lived electrophilic 
copper(I)-carbene is the reactive intermediate. Albeit great progress, one mechanistic 
aspect of this very important organic transformation seems to be neglected, particularly 
the role of the counterion. Experiments have shown that weakly-coordinating counterion 
affects the cis/trans selectivity as well as the catalytic activity.  Theoretical investigation 
on the effect of strongly coordinating counterion revealed that changes occurring in the 
transition structures affect the rate and catalytic activity. Mechanistic and kinetic studies 
to further complement these findings, however, are lacking. Thus, in Chapters 6 and 7 
will present cyclopropanation studies utilizing copper(I) complexes with bidentate N-
based ligands. The main focus will be on the role of the counterion in the olefin 
coordination, diazo decomposition and cycloropanation of styrene.  
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Chapter 2  
 
Copper-Catalyzed Atom Transfer Radical Cascade 
Reactions in the Presence of Diazo Radical Initiators as 
Reducing Agents 
 
Reproduced in part with permission from Ricardo, C., Pintauer, T. J. Chem. Soc. Chem. 
Commun. 2009, 21, 3029-303. Royal Society of Chemistry 
 
 
2.1 Introduction 
 
The formation of carbon-carbon bonds using atom transfer radical addition 
(ATRA) is becoming an increasingly popular synthetic tool.
1-3
 Transition metal 
complexes of Cu, Ru, Fe, and Ni are typically used as catalysts for such 
transformations.
1,4-6
 Copper-catalyzed ATRA and ATRC reactions have been utilized in 
cascade or sequential additions in the synthesis of natural products and pharmaceutical 
drugs (Scheme 2.1).
7
 These strategies are becoming increasingly popular because they 
allow the formation of several bonds in one sequence without the isolation of the 
intermediates, changes in the reaction conditions or the addition of external reagents and 
catalysts.
8,9
  
Until recently, the major drawback of this useful synthetic method remained the 
large amount of catalyst required to achieve high selectivity towards the desired target 
compound (as high as 30 mol% relative to alkene).
1
 This obstacle caused serious 
problems in product separation and catalyst regeneration, making the process 
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environmentally unfriendly and expensive.  Originally, the solution to this problem was 
found for copper catalyzed atom transfer radical polymerization (ATRP)
1,10-13
 and was  
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Scheme 2.1 Example of copper-Catalyzed Atom Transfer Radical Cascade Reaction. 
 
 
subsequently applied first to ruthenium
14
 and then copper
15,16
 catalyzed ATRA 
reactions. In all of these processes, the activator (transition metal complex in the lower 
oxidation state) is continuously regenerated from the deactivator (transition metal 
complex in the higher oxidation state) in the presence of reducing agents such as phenols, 
glucose, ascorbic acid, hydrazine, tin(II) 2-ethylhexanoate, magnesium, and free radical 
diazo initiators (Scheme 2.2).
1
 Such regeneration compensates for unavoidable radical-
radical coupling reactions, enabling a significant reduction in the amount of metal 
catalyst needed.  When applied to the ATRA of CCl4 to alkenes catalyzed by 
Cp
*
Ru
III
Cl2(PPh3) complex in the presence of AIBN, turnover numbers (TONs) as high 
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as 44500 were obtained.
14
 Even more impressive TONs (as high as 160000) were 
achieved with CBr4 and [Cu
II
(TPMA)Br][Br] (TPMA=tris(2-pyridylmethyl)amine) 
complex, enabling efficient ATRA reactions in the presence of as little as 5 ppm of 
copper.
16
 Previous TONs for copper catalyzed ATRA ranged between 0.1 and 10. Since 
the seminal reports by our,
15
 and the research group of Severin,
14
 this method of catalyst 
regeneration in ATRA has attracted considerable academic interest,
1,17-24
 and was 
successfully applied to intramolecular ATRA or atom transfer radical cyclization (ATRC) 
reactions.
23-25
 The principal advantages of this methodology for catalyst regeneration in 
ATRC are two fold. On one hand, the presence of reducing agents enables a significant 
reduction in the amount of metal catalyst. Such reduction is very beneficial because it 
increases the radical annulation efficiency by decreasing the rate of radical trapping by 
the deactivator, compared to the rate of radical ring closure.  On the other hand, the rate 
constant of deactivation can be further controlled through ligand design.  
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Scheme 2.2. Transition Metal Catalyzed Atom Transfer Radical Addition in the Presence 
of Reducing Agents. 
 
Catalyst regeneration in the presence of reducing agents has transformed Cu and 
Ru catalyzed ATRC reactions into more synthetically useful and ―greener‖ processes. In 
order to broaden the scope of this technique, its further application in intermolecular 
ATRA followed by sequential ATRC to ,-dienes is very appealing. It is expected that 
the addition of the polyhalogenated methane to one of the C=C bonds would result in the 
formation of alkenyl radical, which undergoes radical ring closure to generate a cyclic 
radical and finally trapped via halogen transfer. In this chapter, the addition of 
polyhalogenated methanes to symmetrical 1,5-dienes and 1,6-dienes catalyzed by a 
copper(II) complex with a tris(2-pyridylmethyl)amine ligand in the presence of free-
radical diazo initiators such as 2,2′-azobis(2-methylpropionitrile) and 2,2'- azobis(4-
methoxy-2,4-dimethyl valeronitrile (AIBN and V-70) will be discussed. 
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2.2 Atom Transfer Radical Addition to 1,5-Hexadiene 
 
Scheme 2.3 shows that in the ATRA of CBr4 and CCl4 to 1,5-hexadiene, several 
products were formed, which included the monoaddduct (A), double addition product (D) 
6-membered (B) and 5-membered (C) halogen functionalized rings. The formation of 
these compounds has been confirmed via spectroscopic methods such as 
1
H NMR, 
1
H 
COSY, 
13
C NMR and 
13
C DEPT (see spectra in Appendix A) and gas chromatography 
after product separation. These results prompted us to vary the catalyst concentration and 
temperature in the addition of CCl4 to 1,5-hexadiene in order to achieve the formation of 
the desired product. CCl4 as the alkyl halide was chosen since the addition of CBr4 to 1,5-
hexadiene proceeded efficiently with high 1,5-hexadiene conversion in the presence of 
AIBN only.  
+    CX4
CulI/TPMA
  AIBN, 
X
X
X
X
CX3
X
CX3
X
CX3
X
X3C
X
A
B
C
D
X = Cl, Br
 
Scheme 2.3. Observed Products in the Addition of Polyhalogenated Methanes to 1,5-
Hexadiene. 
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Two sets of reactions, each with varied [1,5-diene]0 to [Cu
II
]0 ratios ranging from 
100: 1 to 5000:1 and constant amount of AIBN (10 mol% relative to the diene) were 
carried out at 60 
o
C and 80 
o
C. ATRA of CCl4 to 1,5-hexadiene resulted in very low 
conversion in the presence of AIBN only for both reaction temperatures. In the presence 
of Cu
II
 complex, negligible difference in conversion was observed whether the reaction 
was conducted at 60 
0
C or 80 
0
C (Table 2.1). However, varied catalyst loadings gave an 
impact on the conversion of 1,5-hexadiene. Taking into account the product distribution, 
it is apparent that reactions carried out at 60 
o
C resulted in lower percent composition of 
A, when compared to those carried out at 80 
o
C (Table 2.1). The cyclic compounds, B 
and C, however, seemed to be present in higher percentages for reactions having of 0.5 to 
1 mol% of  [Cu
II
(TPMA)Cl][Cl]  when carried out at 60 
o
C. 
 
 
Table 2.1. [Cu
II
(TPMA)Cl][Cl] Mediated Addition of CCl4 to 1,5-Hexadiene in the 
Presence of AIBN. 
[1,5-Diene]0:[Cu
II
]0 Temperature % % Product Distribution 
 (
0
C) Conversion A B C D 
blank 60 18 100 0 0 0 
 80 7 100 0 0 0 
100:1 60 84 0 45 37 18 
 80 80 3 44 35 18 
250:1 60 83 0 47 39 14 
 80 77 11 33 29 24 
500:1 60 82 9 34 29 26 
 80 76 35 20 19 23 
2000:1 60 79 54 3 4 33 
 80 70 82 0 0 18 
5000:1 60 79 66 0 0 34 
 80 50 92 0 0 8 
All reactions were performed in 1,2-DCE solvent at 60 
0
C for 48 h in the presence of 10 
mol% of AIBN (relative to 1,5-Diene). [1,5-Diene]0 = 0.25 M. Product distribution was 
obtained via GC based on anisole as internal standard.  
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Formation of the functionalized cyclopentane (compound C) is rather surprising. 
One possible mechanism for its formation is shown in Scheme 2.4 in which, the 
electrophilic radical that is formed after the first addition undergoes subsequent 
cyclization to form an endocyclic radical, which is then trapped by abstraction of the 
halogen from the copper(II) complex. However, according to Baldwin‘s ring closure of 4-
pentenyl radical, 5-endocyclization is a disfavored process due to thermodynamic 
reasons.
26
 Alternatively, compound C could be formed from the reactivation of 
compound A. For this case, the internal -carbon is homolytically cleaved by the 
copper(I) complex, which subsequently undergoes ATRC in the endo- mode (Scheme 
2.5). 
 
+    CX4
CulI/TPMA
  AIBN, 
CX3
CX3 CX3
CX3
X
endo
r1
r2
r2
CX3 CX3
exor1
X
X
 
Scheme 2.4. Ring-closure Pathways of 5-Pentenyl Radical. 
 
 
In addition to the 5-exocyclization, 5,7,7,7-tetrachloroheptene (A) can also be 
subsequently activated by Cu
II
/TPMA in the presence of AIBN and undergo ATRC via 
the endo-mode, which affords the formation of 1,1,5-trichloro-2-
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chloromethylcyclohexane (B) (Scheme 2.5). The 6-endo closure of 5,7,7,7-
tetrachloroheptene (A) is similar to the previously reported cyclization behavior of 1,1,1-
trichloro-6-heptene.
27
 In order to prove such claims, compound A was isolated and 
utilized for cyclization studies (Table 2.2). 
 
 
Table 2.2. ATRC of Monoadduct A Catalyzed by [Cu
II
(TPMA)Cl][Cl] and AIBN 
[A]0:[Cu
II
]0 % Product Distribution % Yield 
 Conversion [B]:[C] [B]:[C] 
100:1
a 
95 57:43 54:41 
500:1
b 
91 56:44 51:40 
500:1
c 
96 53:47 52:45 
1000:1
b 
66 55:45 36:30 
1000:1
c 
39 56:44 22:17 
All reactions were performed in 1,2-DCE solvent at 60 
0
C in the presence of 10 mol% of 
AIBN (relative to A). 
a
[A] = 0.1 M, 24 h; 
b
[A] = 0.25 M, 24 h; 
d
[A] = 0.1 M, 48 h. 
Product distribution and yields were obtained via GC based on anisole as internal 
standard.  
 
 
Scheme 2.5. Proposed Pathways for the Cyclization of Compound A Resulting in the 
Formation of Cyclic Products B and C. 
 
 
Results confirmed that both cyclic products are formed as a result of the 
reactivation of the monoadduct followed by subsequent copper-catalyzed ATRC. While it 
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has been shown that Compound C is indeed formed from the reactivation of the 
monoadduct A, another surprising finding is the product distribution, which is 60:40 for 
products [B] and [C] regardless of any [Cu
II
(TPMA)Cl][Cl] concentration. As shown in 
Scheme 2.5, homolytic cleavage of the C-Cl bond occurs at the terminal carbon for the 6-
exo and at the internal -Carbon for the 5-endo product. Comparing these radicals to 
dihloromethyl (dcm) and isopropyl (ipr) radicals (Figure 2.1); respectively, one would 
expect different reactivity and consequently, the yields. In previous study,
28
 calculated 
bond dissociation energy (BDE), bond dissociation enthalpy (Ho298) and the equilibrium 
constant (KATRP), for dcm radical is higher compared to ipr. The equilibrium constant 
(KATRP), which is 10
6 
higher for the dcm radical suggests that ATRC via 6-endo mode 
would be way more selective, however, it was not manifested in the product distribution 
for B and C. 
 
CCl2
Cl
CCl3
Cl Cl
dcm
H3C CH3
ipr  
Figure 2.1. Resemblance of 7-Heptenyl and 5-Heptenyl Radicals to Dichloromethyl and 
Ispopropyl Radicals. 
 
 
Perhaps, the best way to explain the regioselectivity of the cyclization of 
Compound A as well as the product distribution of Compounds B and C is by taking into 
account the activation parameters. It has been revealed based on calculation that the 5-
endocyclization of 4-pentenyl radical has an activation energy of Ea= 18.3 kcal/mol,
29,30
 
while the preferred 6-exocyclization of 6-heptenyl radical is approximately Ea= 8 
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kcal/mol. On the assumption that the frequency factors are the same for both pathways, 
then relative rate ratio of 6-exo- and 5-endo- ring closure (k6-exo/k5-endo) is 1.5.
31,32
 
Kinetic experiments were conducted for further verification. In one set of 
experiment, formation of 5-membered (C) and 6-membered (B) cyclic compounds was 
monitored starting from 1,5-hexadiene. Table 2.3 and Error! Reference source not 
found. show that the cyclic products were not observed until after 4 hours. This is 
acceptable since they are formed from the activation of the monoadduct. The product 
distributions of compounds B and C were observed to be 70:30 and 67:33 (after 4 and 5 
h), afterwhich, an average ratio of 60:40 was obtained. In another experiment, 
monoadduct (compound A) was utilized as starting material (Table 2.4). Unlike with 
hexadiene, the cyclic products were formed after one hour, though lower yields were 
obtained (Table 2.4 and Error! Reference source not found.). However, as the reaction 
progressed, consumption of A increased giving products B and C with constant 60:40 
product distribution. This is in good agreement with the ratio of the relative rates (k6-
exo/k5-endo= 1.5). 
 
Table 2.3. Kinetics of the Addition of CCl4 to 1,5-Hexadiene Catalyzed by 
[Cu
II
(TPMA)Cl][Cl] and AIBN. 
Time (h) % Product Distribution (%) 
 Conversion B:C 
1 24 0:0 
2 40 0:0 
3 48 0:0 
4 53 70:30 
5 58 67:33 
7 59 61:39 
9 60 65:35 
10 60 62:38 
All reactions were performed in 1,2-DCE solvent at 60 
0
C catalyzed by 0.4 mol% 
[Cu
II
(TPMA)Cl][Cl] and 10 mol% of AIBN (relative to 1,5-Diene). [1,5-
  
129 
Hexadiene]0:[[Cu
II
(TPMA)Cl][Cl]]0:[AIBN]0 = 0.25:0.001:0.025. Percent conversion and 
product distribution were obtained via
1
H NMR based on p-dimethoxybenzene as the 
internal standard. 
 
 
 
 
Table 2.4. Kinetics of the Atom Transfer Radical Cyclization of Monoadduct (A) 
Catalyzed by [Cu
II
(TPMA)Cl][Cl] and AIBN. 
Time (h) % Product Distribution (%) 
 Conversion of A B:C 
1 14 59:41 
2 31 59:41 
3 45 59:41 
4 55 55:45 
5 65 56:44 
All reactions were performed in 1,2-DCE solvent at 60 
0
C catalyzed by 0.5 mol% 
[Cu
II
(TPMA)Cl][Cl] and 10 mol% of AIBN (relative to 1,5-Diene). [1,5-
Hexadiene]0:[CCl4]0:[[Cu
II
(TPMA)Cl][Cl]]0:[AIBN]0 = 0.25:0.25:0.00125:0.025. Percent 
conversion and product distribution were obtained via GC based on anisole as the internal 
standard. 
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Figure 2.2. Monitoring the Formation of Cyclic Products (B and C) at Timed Intervals in 
the Addition of Carbon Tetrachloride (CCl4) to 1,5-Hexadiene.   
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Figure 2.3. Monitoring Formation of Cyclic Products (B and C) as a Result of ATRC of 
Monoadduct (A) at Timed Intervals. 
2.3 Atom Transfer Radical Cascade Reactions Involving 1,6-Dienes 
 
As discussed in the previous section, the cyclic products that were formed from as 
a result of subsequent copper-catalyzed ATRC of the monoadduct. Such findings 
prompted us to screen other substrates that would satisfy the sequential ATRA/ATRC via 
cascade mechanism. Very recently, copper homoscorpionate complexes
33
 have been 
utilized in the addition of CCl4 to 1,6-dienes to yield 1,2-disubstituted cyclopentanes.
34
 
Quantitative yields of the products were obtained using 1 mol % of the catalyst in the 
presence of Mg as a reducing agent. 
1,6-Dienes are excellent candidates to further expand the methodology for 
catalyst regeneration originally developed for ATRA
35,36
 because the addition of radicals 
generated from alkyl halides results in the formation of 5-hexenyl radicals, which are 
known to undergo very fast and selective 5-exo-trig mode of cyclization (kexo-trig≈10
5
 s
-1
, 
kexo-trig/kendo-trig≈100) (Scheme 2.6).
37
 Assuming that the rate constant of deactivation for 
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copper(II) complexes with highly active TPMA ligand in ATRA is on the order of 10
8
 M
-
1
s
-1
,
35,36,38
 the rate of radical ring closure (resulting in 5-exo-trig cyclic product) will 
approach the rate of radical trapping (resulting in halogen terminated open chain 
monoadduct and diadduct) at copper(II) concentrations on the order of 1.010-3 M (0.1 
mol% relative to diene when [diene]0=1.0 M). Therefore, in theory, the selective 
formation of 5-exo-trig cyclic product could be obtained using much lower copper(II) 
concentrations, provided that a reducing agent is present in the system.  The reducing 
agent continuously regenerates copper(I) from the copper(II) complex, which 
accumulates in the system as a result of unavoidable radical-radical termination reactions 
(Scheme 2.2).
35,36
 
 
+  RX
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Scheme 2.6. ATRC Pathways in the Addition of Polyhalogenated Compounds to 1,6-
Hexadiene Catalyzed by Copper Complexes. 
 
 
AIBN (2,2′-azobis(2-methylpropionitrile)) or V-70 (2,2'- azobis(4-methoxy-2,4-
dimethyl valeronitrile)) initiated ATRA of CCl4 to 1,6-heptadiene in the absence of a 
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catalyst resulted in ~20% yield of the 5-exo-trig cyclic product.  For all other dienes 
investigated, no cyclic products were observed. However, when [Cu
II
(TPMA)Cl][Cl] 
complex was used in conjunction with the free-radical diazo initiator, truly remarkable 
results were obtained (Table 2.5). In the presence of AIBN at 60 
o
C, cyclic products 
derived from the addition of CCl4 to 1,6-heptadiene (entry 1), diallyl ether (entry 4) and 
N,N-diallyl-2,2,2-trifluoroacetamide (entry 15) were synthesized in nearly quantitative 
yields using as low as 0.02 mol% of the catalyst (relative to diene). On the other hand, 
excellent results with tert-butyl-N,N-diallylcarbamate (entry 8) and diethyl 
diallylmalonate (entry 12) were also achieved using even smaller amounts of the catalyst 
(0.01 mol%).  These results indicate nearly a 100 times improvement in catalyst loading 
over the methodology that utilizes copper homoscorpionate complexes and Mg as the 
reducing agent.
39
  
 
 
Table 2.5. ATRA of CCl4 to 1,6-dienes Followed by Sequential ATRC Catalyzed by 
[Cu
II
(TPMA)Cl][Cl] in the Presence of Free-Radical Initiators as Reducing Agents.
a 
Entry 1,6-Diene Product T/
o
C Initiator [Diene]0:[Cu
II
]0
b
 % Yield cis:trans 
1 
2 
3 
 ClCl3C  
60 
30 
RT
c
 
AIBN 
V-70 
V-70 
5000:1 (0.02) 
2500:1 (0.04) 
2500:1 (0.04) 
95(83)
d
 
92 
87 
84:16 
85:15 
86:14 
4 
5 
6 
O
 
O
ClCl3C  
60 
30 
RT 
AIBN 
V-70 
V-70 
2000:1 (0.05) 
1000:1 (0.1) 
1000:1 (0.1) 
89(70)
d
 
91 
80 
80:20 
79:21 
87:13 
7 
8 
9 
10 
N
O
O
 
N
O
O
Cl3C Cl  
60 
60 
30 
RT 
AIBN 
AIBN 
V-70 
V-70 
5000:1 (0.02) 
10000:1 (0.01) 
5000:1 (0.02) 
5000:1 (0.02) 
96 
91(75)
d
 
87 
77 
74:26 
66:34 
64:36 
56:44 
11 
12 
13 
14 
OO
OO
 
OO
OO
ClCl3C  
60 
60 
30 
RT 
AIBN 
AIBN 
V-70 
V-70 
5000:1 (0.02) 
10000:1 (0.01) 
5000:1 (0.02) 
5000:1 (0.02) 
100 
89(80)
d
 
90 
81 
86:14 
84:16 
91:9 
86:14 
  
133 
15 
16 
17 
18 
N
F3C
O
 
N
F3C
O
Cl3C Cl  
60 
60 
30 
RT 
AIBN 
AIBN 
V-70 
V-70 
5000:1 (0.02) 
10000:1 (0.01) 
1000:1 (0.1) 
1000:1 (0.1) 
90(77)
d
 
73 
95 
87 
81:19 
84:16 
73:27 
73:27 
a
All reactions were performed in MeOH for 24 h with [CCl4]0:[Diene]0:[AIBN or V-70]0 
= 1.25:1:0.05, :[Diene]0 = 1.0 M. The yield is based on the formation 5-exo-trig product 
(cis and trans) and was determined by 
1
H NMR using 1,4-dimethoxybenzene as internal 
standard (relative errors are 15%). bMol percent of catalyst relative to diene. cRT = 222 
0
C. 
d
Isolated yield after column chromatography for the large scale reaction.  
 
 
Additional experiments were performed using low temperature free-radical 
initiator V-70 as a reducing agent.  In our previous report, V-70 enabled selective 
formation of the monoadduct in ATRA of polyhalogenated compounds to alkenes at 
ambient temperatures using as low as 0.002 mol% of the copper catalyst.
40
 For 1,6-
heptadiene (entry 2), diallyl ether (entry 5), and N,N-diallyl-2,2,2-trifluoroacetamide 
(entry 17), very high yields of the cyclic products were obtained at 30 
o
C when the 
catalyst concentration was 1.010-3 M (0.1 mol% relative to diene).  Slightly lower yields 
were observed for reactions conducted at 22 
o
C (entries 3, 6 and 18) Such finding can be 
attributed to the slower rate of decomposition of the radical initiator at lower temperature, 
hence affecting reduction of the Cu
II
 to Cu
I
 species. Slower rate of reduction results in 
lower concentration of the catalytically active species, which homolytically cleaves the 
C-Cl bond and consequently, incomplete 1,6-diene conversions. Furthermore, V-70 was a 
more effective reducing agent in atom transfer radical cascade reactions of CCl4 to tert-
butyl-N,N-diallylcarbamate (entries 9 and 10) and diethyl diallylmalonate (entries 13 and 
14), resulting in greater than 80% yield of the cyclic products when the 
[Cu
II
(TPMA)Cl][Cl]0 to [diene]0 ratio was 1:5000 (0.02 mol%). Regardless of the choice 
of the 1,6-diene, reaction temperature or free-radical reducing agent, 1,2-disubstituted 
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cyclopentanes showed a strong preference for the formation of the cis-product. As 
presented in Table 2.5, the average cis:trans distributions are 85:15, 83:17, 70:30, 87:13 
and 69:31 for 1,6-heptadiene (entries 1-3), diallyl ether (entries 4-6), tert-butyl N,N-
diallyl carbamate (entries 7-10) diethyldiallylmalonate (entries 11-14) and N,N-diallyl-
2,2,2-trifluoroacetamide (entries 15-18); respectively. Similar observations have also 
been reported for free radical cyclizations that do not utilize transition metal complexes 
as halogen transfer agents.
31,32,41
 Diastereoselectivity can be accounted to the transition 
states of the organic radical involved in cyclization (Figure 2.4).
39,42
 Transition states II 
and III afford the formation of the trans-5-exocyclic radical, however due to steric 
repulsions, these are less stabilized. The most stable conformation is that of I, which upon 
cyclization leads to the formation of the cis- diastereomer. 
X
H
CCl3
R
R
H
X
R
R
H
H
CCl3
X
HR
R
CCl3
I                                II                          III
X= C, O or N; R= CO2Et, CO2tBu or COCF3
 
Figure 2.4. Transition States Involved in the Cyclization of 5-Hexenyl Radical.  
 
 
 
2.4 Summary and Conclusions 
 
In summary, The ability of [Cu
II
(TPMA)X][X] (X=Br
-
 and Cl
-
) complexes in the 
presence of a reducing agent AIBN to mediate cascade ATRA reactions involving alkyl 
halides and ,-dienes (1,5-diene and 1,6-dienes) was investigated. The addition of CCl4 
to the 1,5-diene proceeded to yield several products, which include the tetrahalo 
monoadduct, the diadduct, the six-membered ring and the five-membered ring. Cyclic 
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compounds were formed after the reactivation and subsequent ATRC of the monoadduct  
[Cu
II
(TPMA)Cl][Cl] (X=Br
-
 and Cl
-
) and AIBN. 
On the other hand, exceptional activity of [Cu
II
(TPMA)Cl][Cl] complex in ATRA 
of CCl4 to 1,6-dienes followed by sequential ATRC in the presence of free radical diazo 
initiators as reducing agents was reported.  Selective formation of the 1,2-disubstituted 
cyclopentanes in these cascade type reactions was achieved using as low as 100 ppm of 
the catalyst, which is by far the smallest number reported for such transformations.  It is 
envisioned that these results could have profound implications on the synthesis of small 
cyclic molecules using transition metal mediated ATRA and ATRC. 
 
 
 
 
2.5 Experimental 
 
2.5.1 General Procedures 
 
All reagents were obtained from commercial sources and were used as received. 
2,2-azobisisobutyronitrile (AIBN) was recrystallized from cold methanol and dried at 
room temperature under vacuum. Tris(2-pyridylmethyl)amine (TPMA) and 
[Cu
II
(TPMA)Cl][Cl] were synthesized according to published procedures.
43 1
H NMR  and 
13
C NMR spectra were obtained at room temperature on a Bruker Avance Spectrometer 
operating at 400 MHz and 100 MHz; respectively. Chemical shifts are given in ppm 
relative to residual CDCl3 peak (7.26 ppm for 
1
H and 77 ppm for 13C).  IR spectra were 
recorded in the solid state or solution using Nicolet Smart Orbit 380 FT-IR spectrometer 
(Thermo Electron Corporation). Gas chromatography was performed on a Shimadzu GC-
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14A instrument equipped with a flame ionization detector (FID) using a cross-linked 
(6%-cyanopropyl-phenyl)-methylpolysiloxane column (30 m x 0.53 mm x 1 m). 
2.5.2 Copper Catalyzed Atom Transfer Radical Reactions Involving 1,5-Hexadiene 
 
Catalyst Solutions. 0.025 M [Cu
II
(TPMA)Cl][Cl] were prepared using volumetric 
flasks to accommodate various catalyst loadings. 
General Procedure for the ATRA of CBr4 and CCl4 to dienes. A stock solution 
containing CBr4 or CCl4, diene, AIBN, internal standard (anisole) and 1,2-dichloroethane 
(DCE) solvent was prepared ([CBr4 or CCl4]0/[diene]0/[AIBN]0 = 1:1:0.05). Into each 5-
ml Schlenk flask was then added 1.0 mL of the stock solution, followed by 
[Cu
II
(TPMA)(Br)][Br] or [Cu
II
(TPMA)(Cl)][Cl]. The flasks were then tightly sealed 
under argon and stirred in an oil bath at 60 or 80 C for 24 h. A small amount was taken 
from each reaction mixture, passed through a basic alumina column to remove Cu
II
 and 
diluted with DCE. The percent conversion of 1,5-hexadiene was determined from the 
diluted reaction mixture using GC based on anisole as internal standard with an oven 
temperature of 35 
0
C for 1 min, then 10 
0
C/min to 205 
0
C. 
Kinetic Studies on the Addition of CCl4 to 1,5-Hexadiene. A stock solution containing 
1,5-hexadiene (2.1 mmol 250 L) AIBN (0.21 mmol, 0.0346 g) anisole (40.15 L) and 
1,2-DCE (550 L) was prepared to make a concentration of 2.5 M in 1,5-hexadiene. A 
100 L aliquot of the stock solution (0.25 mmol) was transferred into a vial containing 
CCl4 (0.25 mmol, 24.1 L), [Cu
II
(TPMA)Cl][Cl] (0.00125 mmol, 50 L) and 1,2-DCE 
(826 L). The resulting 0.25 M solution in 1,5-hexadiene was distributed into 5-ml 
Schlenk flasks, which were sealed with a Teflon cap and immersed into an oil bath set at 
60 
0
C. A sample was taken every hour, exposed to air, diluted with DCE and passed 
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through a basic alumina column. Percent conversion and product distribution were 
determined using GC with an oven temperature of 35 
0
C for 1 min, then 10 
0
C/min to 205 
0
C. 
ATRC of 5,7,7,7-Tetrachloro-1-heptene (Compound A). In a typical experiment, 5,7,7,7-
tetrachloro-1-heptene (0.213 mmol, 0.0502 g), AIBN (0.021 mmol, 0.0034 g), anisole (10 
L) and 1,2-DCE (400 L) were mixed to make a stock solution of 0.5 M in 5,7,7,7-
tetrachloro-1-heptene. Aliquots of 100 L each were transferred into 5 mm NMR tubes. 
The corresponding amounts [Cu
II
(TPMA)Cl][Cl]  were added to the NMR tubes and 1,2-
DCE was added to make a constant volume and concentration of 0.25 M in 5,7,7,7-
tetrachloro-1-heptene. The NMR tubes were then flushed with argon for 30 seconds, 
sealed with a plastic cap and Teflon tape, followed by electrical tape and heated in an oil 
bath thermostated at 60 
o
C for 24h. The conversion of 5,7,7,7-tetrachloro-1-heptene and 
the percent yield of the products were obtained using 
1
H NMR spectroscopy. 
Kinetics of ATRC of 5,7,7,7-Tetrachloro-1-heptene. A stock solution containing 5,7,7,7-
tetrachloro-1-heptene (0.407 mmol, 0.0960 g), AIBN (0.041 mmol, 0.0067 g) p-
dimethpoxybenzene (0.1 eq relative to substrate), 1,2-DCE (540 L) and  
[Cu
II
(TPMA)(Cl)][Cl] (0.00164 mmol, 130 L from 0.0125 M catalyst solution) was 
prepared to make a concentration of 0.5 M in 5,7,7,7-tetrachloro-1-heptene. The resulting 
0.5 M solution was distributed into 5-ml Schlenk flasks and afterwhich, corresponding 
amounts of DCE were added to make a constant volume and a total concentration of 0.25 
M in 5,7,7,7-tetrachloro-1-heptene. Schlenk flasks were sealed with a Teflon cap and 
immersed into an oil bath set at 60 
0
C. A sample was taken every hour, exposed to air and 
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percent conversion and product distribution were determined using 
1
H NMR and GC 
(oven temperature of 35 
0
C for 1 min, then 10 
0
C/min to 205 
0
C). 
2.5.3 Product Characterization 
 
5,7,7,7-tetrachloro-1-heptene (A). 
1
H NMR (400 MHz; CDCl3): δ 5.81 (d, J = 6.3 Hz, 
1H), 5.15-5.05 (m, 2H), 4.31-4.28 (m, 1H), 3.31 (dd, J = 15.7, 5.7 Hz, 1H), 3.15 (dd, J = 
15.7, 4.4 Hz, 1H), 2.36-2.29 (m, 2H), 2.06 (dddd, J = 14.2, 8.8, 6.8, 4.1 Hz, 1H), 1.94 
(dtd, J = 14.3, 8.9, 5.4 Hz, 1H). ). 
13
C NMR (100 MHz; CDCl3): δ 136.43, 116.19, 96.83, 
62.31, 57.02, 38.10, 30.19. 
1,1,5-trichloro-2-chloromethylcyclohexane (B). 
1
H NMR (400 MHz; CDCl3): δ 4.21 
(dd, J = 11.0, 2.6 Hz, 1H), 4.10 (tt, J = 11.8, 4.1 Hz, 1H), 3.39 (dd, J = 11.0, 10.1 Hz, 
1H), 3.12 (ddd, J = 13.8, 4.0, 2.2 Hz, 1H), 2.48 (dd, J = 13.8, 11.7 Hz, 1H), 2.40-2.31 (m, 
2H), 2.24 (dddd, J = 11.8, 10.0, 3.7, 2.7 Hz, 1H), 1.72-1.61 (m, 1H), 1.52-1.43 (m, 1H). 
13
C NMR (100 MHz; CDCl3): δ 55.71, 53.64, 44.68, 35.31, 27.86, 26.59, 17.54. 
1-chloro-3-(2,2,2,-trichloroethyl)cyclopentane (C). 
1
H NMR (400 MHz; CDCl3): δ 
4.32-4.25 (m, 1H), 4.17-4.14 (m, 1H), 3.56-3.50 (m, 1H), 2.87 (ddt, J = 14.7, 4.4, 1.2 Hz, 
1H), 2.64-2.58 (m, 1H), 2.56-2.50 (m, 1H), 2.19-2.14 (m, 2H), 2.10-2.02 (m, 1H), 1.91-
1.81 (m, 1H). 
13
C NMR (100 MHz; CDCl3): δ 90.19, 54.24, 32.05, 51.0, 43.12, 30.64, 
22.91. 
1,1,1,3,6,8,8,8-octachlorooctane (D). 
1
H NMR (400 MHz; CDCl3): δ 4.38-4.29 (m, 2H), 
3.38-3.30 (m, 2H), 3.20-3.13 (m, 2H), 2.41-2.35 (m, 1H), 2.27-2.11 (m, 2H), 2.03-1.96 
(m, 1H). 
5,7,7,7-tetrabromo-1-heptene (A2). 
1
H NMR (400 MHz; CDCl3): δ 5.83 (dddd, J = 
17.2, 10.2, 7.1, 6.1 Hz, 1H), 5.17-5.07 (m, 1H), 4.23 (td, J = 9.1, 4.3 Hz, 1H), 3.88 (dd, J 
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= 16.1, 4.4 Hz, 1H), 3.58 (dd, J = 16.2, 5.0 Hz, 1H), 2.45-2.37 (m, 1H), 2.35-2.27 (m, 
1H), 2.22 (dddd, J = 14.4, 8.8, 6.8, 3.7 Hz, 1H), 2.12-2.04 (m, 1H).  
1,1,5-tribromo-2-bromomethylcyclohexane (B2). 
1
H NMR (400 MHz; CDCl3): δ 4.23 
(tt, J = 12.0, 4.1 Hz, 1H), 4.08 (dd, J = 10.2, 2.4 Hz, 1H), 3.43-3.36 (m, 1H), 3.22 (t, J = 
10.1 Hz, 1H), 2.90 (dd, J = 14.1, 11.7 Hz, 1H), 2.48-2.43 (m, 1H), 2.27 (dq, J = 10.7, 3.6 
Hz, 1H), 2.18-2.11 (m, 1H), 1.85 (qd, J = 12.9, 4.1 Hz, 1H), 1.45 (tdd, J = 14.1, 11.3, 3.1 
Hz, 1H). 
13
C NMR (100 MHz; CDCl3): δ 71.32, 58.96, 55.17, 44.56, 36.34, 35.67, 29.02. 
1-bromo-3-(2,2,2,-tribromoethyl)cyclopentane (C2). 
1
H NMR (400 MHz; CDCl3): δ 
4.41-4.31 (m, 1H), 4.17-4.12 (m, 1H), 3.53-3.48 (m, 1H), 3.46-3.39 (m, 1H), 3.19-3.13 
(m, 1H), 3.13-3.04 (m, 1H), 2.89-2.79 (m, 1H), 2.74-2.65 (m, 1H), 2.37-2.27 (m, 2H), 
2.26-2.19 (m, 2H). 
2.5.4 Copper Catalyzed Atom Transfer Radical Reactions Involving 1,6- Dienes 
 
Catalyst Solutions. 0.01M and 0.005M solutions of [Cu
II
(TPMA)Cl][Cl] were prepared 
by dissolving the copper(II) complex in MeOH using volumetric flasks to accommodate 
various catalyst loadings. 
General Procedure for Addition of Carbon Tetrachloride to 1,6-Heptadiene Catalyzed by 
[Cu
II
(TPMA)Cl][Cl] in the Presence of AIBN.  All reactions were performed in 
disposable 5.0mm NMR tubes equipped with a plastic cap.  In a typical experiment, 1,6-
heptadiene (2.0 mmol, 269 µL), CCl4 (2.5 mmol, 241 µL), AIBN (0.1 mmol, 0.0164 g) 
and internal standard (1,4-dimethoxybenzene or toluene, 10 mol% relative to 1,6-diene) 
were dissolved in 510 µL of methanol in order to make the final solution 2.0 M in 1,6-
heptadiene.  200 µL of the stock solution (0.4 mmol 1,6-heptadiene, 0.5 mmol CCl4 and 
0.02 mmol AIBN) were then added to the NMR tube, followed by the desired amount of 
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the copper(II) complex (from 0.01 M [Cu
II
(TPMA)Cl][Cl] and for [1,6-
heptadiene]0:[Cu
II
]0 ratios of 1000:1 (V = 40 µL) and 2000:1 (V = 20 µL), from 0.05 M 
[Cu
II
(TPMA)Cl][Cl] and for [1,6-heptadiene]0:[Cu
II
]0 ratio of 5000:1 (V = 16 µL) and 
10000:1 (V = 8 µL)) and the total volume adjusted by adding methanol in order to 
maintain the concentration of 1,6-heptadiene at 1.0 M.  The NMR tube was then flushed 
with argon for 30 seconds, sealed with a plastic cap and teflon tape, followed by 
electrical tape and heated in an oil bath thermostated at 60 
o
C for 24h.  The conversion of 
1,6-heptadiene and the percent yield of the products were obtained using 
1
H NMR 
spectroscopy. The trans- and cis- ratios were determined by 
1
H NMR after solvent 
evaporation. 
General Procedure for Addition of Carbon Tetrachloride to 1,6-Dienes Catalyzed by 
[Cu
II
(TPMA)Cl][Cl] and AIBN/V-70.  Same procedures described above were followed 
except that the following volumes of 1,6-diene in the stock solution were used: V(diallyl 
ether) = 244 µL, V(diethyldiallylmalonate) = 484 µL, V(tert-butyl-N,N-diallylcarbamate) 
= 216 µL) and V(N,N-diallyl-2,2,2-trifluoroacetamide) = 342 µL). After adding CCl4  
(2.5 mmol, 241 µL), reducing agent (0.1 mmol, AIBN = 0.0164 g or V-70 = 0.0308 g) 
and internal standard (1,4-dimethoxybenzene or toluene, 10 mol% relative to 1,6-diene), 
methanol was added to maintain the concentration of 1,6-diene at 2.0 M (for diallyl ether 
= 515 µL, diethyldiallylmalonate=275 µL, tert-butyl-N,N-diallylcarbamate = 543  µL) 
and N,N-diallyl-2,2,2-trifluoroacetamide = 417 µL). 
Product Characterization. 
1
H and 
13
C NMR spectra for all 5-exo-trig cyclic products 
have been reported elsewhere,
34
 except for 1-(3-(chloromethyl)-4-(2,2,2-
trichloroethyl)pyrrolidin-1-yl)-2,2,2-trifluoroethanone. 1-(3-(Chloromethyl)-4-(2,2,2-
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trichloroethyl)pyrrolidin-1-yl)-2,2,2-trifluoroethanone. 
1
H (CDCl3, 400 MHz, RT): 
mixture of cis and trans, 3.95-4.10 (m, 1H), 3.65-3.90 (m, 3H), 3.40-3.55 (m, 2H), 
3.00-3.10 (m, 2H), 2.80-2.85 (m, 2H).13C (CDCl3, 100 MHz, RT): mixture of cis and 
trans, 156.0, 155.5, 117.6, 114.7, 97.9, 53.2, 52.8, 51.1, 50.3, 49.3, 42.7, 42.0, 41.2, 
39.0, 37.2. 
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Chapter 3  
Sigma C-H and C-C Hyperconjugative Control of 
Copper Catalyzed Atom Transfer Radical Addition and 
Cyclization of 1,6-Diene Esters in the Presence of a 
Reducing Agent 
 
 
The technique of catalyst regeneration in the presence of 2,2‘-
azobis(isobutyronitrile) (AIBN) was applied in atom transfer radical domino reactions of 
carbon tetratchloride (CCl4) and 1,6-diene esters allyl acrylate (1), allyl methacrylate (2), 
methyl-2-propenyl acrylate (3), phenyl-2-propenyl acrylate (4), dimethyl-2-propenyl 
acrylate (5), ethylmethyl-2-propenyl acrylate (6) and dimethyl-2-propenyl methacrylate 
(7) to yield functionalized -lactones in a one-step synthesis. The addition of CCl4 in the 
presence of 0.2 mol% of copper (II) complex with tris(2-pyridmethyl)amine (TPMA) 
ligand and 10 mol% of 2,2‘-azobis(isobutyronitrile) to substrates with dialkyl 
substitutions 5 and 6 furnished the formation of the desired -lactones in 46 and 51% 
yields; respectively, while open-chain halogenated allylic ester were observed for 
substrates 1, 2, 3, 4 and 7. The M06-2x density functional with Dunning‘s aug-cc-pVDZ 
basis set was used to compute the stationary points along the stepwise reaction path 
involving Z to E interconversion after ester radical formation followed by 5-
exocyclization to -lactone product. Natural bond orbital (NBO) analysis was employed 
to gain deeper insight into the dialkyl substituent requirement showing -lactone 
formation of 5 and 6. NBO computations reveal that the presence of dialkyl groups in 5 
and 6 lowers the activation barrier of Z to E interconversion by weakening and elongating 
  
147 
the rotating C-O bond at the transition structure through specific σ(C-C/H)  σ*(O-C) 
hyperconjugations. Similarly, the dialkyl groups in 5 and 6 facilitate 5-exocyclization by 
relieving ring-strain in the transition structure by lengthening the C-C bond within the 
forming ring adjacent to the double bond involved in radical addition by σ(C-C/H)  
σ*(C-C) hyperconjugations. This work signifies the importance of C-C and C-H sigma 
bond hyperconjugation in intermolecular atom transfer radical addition, followed by 
sequential cyclization reactions. 
 
3.1 Introduction 
 
Domino-type reactions employing copper-catalyzed atom transfer radical addition 
(ATRA) and cyclization (ATRC) have found great deal of application in the synthesis of 
natural products and pharmaceutical drugs.
1,2
 This methodology is quite attractive since it 
allows formation of several bonds in one sequence without the isolation of intermediates, 
changes in the reaction conditions or the addition of external reagents. Additionally, it 
allows the synthesis of functionalized cyclic compounds, which can be useful as 
precursors for the preparation of more complex molecules.
3
  
Copper-catalyzed ATRA, ATRC and domino reactions have been traditionally 
conducted in the presence of as much as 30 mol% of the catalyst (relative to the 
substrate), which caused problems in product separation and catalyst recycling.
4,5
 A new 
methodology for catalyst regeneration in ATRA has been developed, following its 
success in the mechanistically similar atom transfer radical polymerization (ATRP).
6-8
 In 
this technique as shown in Scheme 3.1, transition metal complex in the higher oxidation 
state commonly referred to as deactivator is continuously reduced to the lower oxidation 
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state or activator in the presence of reducing agents such as ascorbic acid, magnesium 
and free-radical initiators (2,2‘-azobisisobutyronitrile (AIBN) and 2,2‘-azobis(4-
methoxy-2,4-dimethyl valeronitrile) (V-70)).
4,5,9
 As a result, ATRA reactions can now be 
conducted using ppm amounts of the catalyst.
7,8,10,11
 
 
 
Scheme 3.1. Catalyst regeneration in ATRA in the presence of reducing agents. 
 
 
Since the seminal reports by our group
7
 and the research group of Severin,
10
 this 
method of catalyst regeneration in ATRA has attracted considerable academic interest
9,11-
17
 and was successfully applied to intramolecular ATRA or atom transfer radical 
cyclization (ATRC).
18-21
 Furthermore, this technique has been utilized in domino or 
tandem radical annulation processes. Recently, copper(I) homoscorpionate complexes 
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have been utilized in the addition of CCl4 to 1,6-dienes to yield 1,2-disubstituted 
cyclopentanes.
20
 Quantitative yields of the products were obtained using 1 mol% of the 
catalyst in the presence of Mg as a reducing agent. In a similar work performed by our 
laboratory employing the [Cu
II
(TPMA)Cl][Cl] in conjunction with free-diazo radical 
initiators (AIBN and 2,2‘-azobis-4-methoxy-2,4-dimethyl valeronitrile (V-70)) catalytic 
system, selective formation of the cyclic products were achieved in the presence of as 
low as 100 ppm of the catalyst.
21
  
Symmetrical 1,6-dienes are excellent candidates to further expand the 
methodology for catalyst regeneration originally developed for ATRA because the 
addition of radicals generated from alkyl halides results in the formation of 5-hexenyl 
radicals, which are known to undergo very fast and selective 5-exo-trig mode of 
cyclization (kexo-trig10
5
s
-1
, kexo-trig/kendo-trig<100).
22
 Aside from symmetrical 1,6-dienes, 
substrates having the same chain length, in particular the 1,6-diene esters can be a good 
choice for expanding the scope of catalyst regeneration technique. If the cyclization 
proceeds via the 5-exo mode, this results in the formation of the -lactone. Synthesis of 
this class of heterocyclic compounds has become ubiquitous because these serve as 
analogs and often; they constitute the structural component of natural products and 
pharmaceutical drugs.
23-25
 Furthermore, functionalized lactones are important 
intermediates in the synthesis of stereo-defined acyclic and other natural products.
23
 
Cyclization of these substrates, particularly the unsaturated acrylates, appeared in earlier 
publications, in the free-radical photostimulated addition of alkylmercury halides
26
 and 
toluenesulfonyl bromides
27
 producing organomercurial and sulfonylated -lactones; 
respectively.  However, product selectivity was rather low, as manifested in the reported 
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yields and the inevitable occurrence of competing telomerization and acyclic monoadduct 
formation. 
Another synthetic route to the one-pot formation of -lactones that has not been 
explored is via the intermolecular addition followed by atom transfer radical cyclization 
cascade mechanism involving 1,6-diene esters and alkyl halides mediated by copper(II) 
complexes and reducing agents. Since highly efficient 5-exocyclization has been achieved 
with [Cu
II
(TPMA)Cl][Cl] in the presence of free-diazo radical initiators
21
 (AIBN and 
2,2‘-azobis-4-methoxy-2,4-dimethyl valeronitrile (V-70)) and ascorbic acid28 systems, it 
is envisioned that catalyst regeneration technique could potentially cyclize unsymmetrical 
1,6-dienes. This chapter reports on the attempted cyclization of various unsymmetrical 
diene esters utilizing copper-catalyzed ATRA followed by sequential ATRC. 
Experimental findings were verified by density functional theory and natural bond orbital 
analysis. To our knowledge, these are the first computational investigations ever been 
performed for the radical ring closure of unsaturated acrylates. Furthermore, the factors 
governing the selective formation of the desired -lactones are presented.  
 
3.2 Copper-Catalyzed Addition of Carbon Tetrachloride in the Presence 
of Reducing Agents 
 
Initial attempts were focused on the addition of CCl4 to commercially available 
allyl acrylate (1) and allyl methacrylate (2) (Figure 3.1). As shown in Scheme 3.2, the 
addition can occur in two possibilities: to the acrylic site resulting in the formation of 
radical A, or to the allylic site forming radical B.  Preliminary results revealed that the 
generated trichloromethyl radicals (CCl3) attack the more polar acrylic side, which are 
in agreement with previously reported experiments.
26,29-32
 Such observation can be  
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Figure 3.1. Representative commercial and synthesized 1,6-diene esters. 
 
 
attributed to the electrophilic nature of the alkyl radicals. Considering the neighboring 
neighboring atoms or functional groups of the terminal double bonds, one could easily 
speculate that the addition of the alkyl radicals would be much favored on the more 
electron-rich acrylic site. Furthermore, formation of A gives a tertiary radical for the case 
of alllyl methacrylate, which is relatively more stable than the secondary radical B. The 
disappearance of the resonance signals corresponding to the acrylic protons after 
1
H 
NMR analysis of the crude reaction mixtures proved that the monoadduct was formed as 
a result of radical trapping of A after halide transfer by the Cu
II
 complex giving product E 
and Cu
I
 complex.  
 
R
O
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Scheme 3.2. Open-chain adducts as a result of radical trapping via halide transfer from 
Cu
II
 complex. 
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Table 3.1 summarizes the results of the addition of CCl4 to allyl acrylate (1) and 
allyl methacrylate (2) catalyzed by [Cu
II
(TPMA)(Cl)][Cl] complex in conjunction with 
free-radical diazo initiators (AIBN or V-70). Only polymers were observed for reactions 
performed in the presence of reducing agent only (Entries 2 and 6). Reactions carried out 
in the presence of [Cu
II
(TPMA)(Cl)][Cl] complex afforded the formation of the open-
chain monoadduct. Two sets of reactions were performed wherein the amount of AIBN 
was varied. For reaction mixtures with [2] to [Cu
II
] ratios ranging from 100:1 to 500:1 
and 10 mol% of AIBN, the monoadduct yields were found to be higher as opposed to the 
mixtures containing 5 mol% of AIBN. It is evident from Table 3.1 that higher product 
yields were obtained when the reducing agent was V-70 as opposed to AIBN for 
reactions having [2] to [Cu
II
] ratios ranging from 250:1 to 500:1. Additionally, the 
selectivity towards the formation of the monoadduct decreased at lower catalyst 
concentrations.  
Table 3.1. Addition of Carbon Tetrachloride to 1,6-Diene Esters Catalyzed by 
[Cu
II
(TPMA)Cl][Cl] and AIBN or V-70. 
Entry [1,6-Diene]:[Cu
II
] Substrate Reducing agent % Conversion/ 
% Yield
 
1 500:1 1 5 mol% AIBN 100/100
b 
2 blank   100/100
b 
3 100:1 2 5 mol% AIBN 100/29
a 
4 250:1   100/28
a 
5 500:1   100/19
a 
6 blank   100/100
b 
7 100:1 2 10 mol %  AIBN 100/43
a
 
8 250:1   100/40
a
 
9 500:1   100/30
a
 
10 250:1 2 5 mol% V-70 100/72
a
 
11 500:1   100/67
a
 
Conditions: Reactions were performed in the presence of AIBN or V-70 at 60 
0
C or RT; 
respectively in MeOH as solvent for a period of 24h. % Conversions and yields were 
determined via 
1
H NMR using 1,4-dimethoxybenzene as internal standard (relative error 
= 15%). aYield of monoadduct, bpolymers. 
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It is generally accepted that the addition of alkyl radicals to symmetrical 1,6-
dienes generates a 5-hexenyl radical, which is known to undergo expedient formation of 
5-exocyclic compounds (k1,5-cyclization= 10
5
s
-1
).
33,34
 This is 100 times faster when compared 
to the cyclization pathway in the 6-endo mode (k1,6-cyclization= 10
3
s
-1
). It is expected that the 
addition of the CCl3

 to allyl acrylate (1) and allyl methacrylate (2) results in the 
formation of 5-hexenyl ester type of radical. Based on experimental findings 1,5-ring 
closure, however, failed to proceed suggesting rate of cyclization of these radicals is very 
slow. Cyclization of ester- and amide-derived radicals is subject to streoelectronic and 
thermodynamic factors.
35
 It has been reported that the s-trans (Z) and s-cis (E) 
conformations are both present in these radicals, which can be attributed to the partial 
double bond character of the C-O and C-N as a result of electron delocalization (Figure 
3.2).
36
 In order to have an efficient cyclization, the barrier for the interconversion 
between the Z and E conformers must be overcome (Scheme 3.3). However, due to the 
incipient delocalization between the radical center and the acyl carbon, Z is typically 7.01 
kcal/mol more stable than E conformer.
32,35
 Moreover, the activation barrier to rotation to 
the preferred geometry is 11.56 kcal/mol. This value is even higher when compared to the 
5-exocyclization of the s-cis (E) -ester radical, which is 8.61 kcal/mol.35 In order to 
overcome this, reactions at elevated temperatures are normally carried out to increase the 
rotamer population of the less stable conformation (E).
37,38
 Screening various solvents 
revealed that polarity contribute to the rotation about the C-O bond of the more stable Z 
to the higher energy E conformer. An explanation for this is that E has higher net dipole 
moment compared to Z and consequently, the polar transition state involved during the 
cyclization process.
35
 Hence, polar effects can promote overall cyclization reactions 
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because the molecule with a larger dipole moment is more stabilized in a more polar 
solvent. 
 
Figure 3.2. Conformations of esters and amides as a result of electron delocalization. 
 
 
In an effort to selectively form the cyclic compounds, reaction conditions were 
optimized. Changing solvent polarity and incorporation of Lewis acid in the reaction 
mixture were then performed. In one set of experiments, addition of CCl4 to diene esters 
was carried out in the 3:1 ratio of MeOH to water. Unfortunately, the use of water only 
promoted the formation of more polymers and the open-chain monoadducts. The role of 
Lewis acids has been reported to enhance sluggish atom transfer radical addition and 
cyclization.
39-42
 In addition, mild reaction times and short reaction times are possible. 
Based on these findings, Lewis acid was also utilized, however instead of forming the 
cyclic compounds, the monoadduct and even polymers were obtained. One problem seen 
has been the solvent choice. Reactions were carried out in MeOH solvent; however, the 
coordination of the Lewis acid to the solvent might have prevented the reaction to 
proceed since low conversions were obtained. When a nonpolar dichloroethane was 
utilized, conversion was improved; however, no cyclization products were observed. 
Optimization of the reaction conditions for the addition of alkyl halides to allyl 
acrylate (1) and allyl methacrylate (2) indicate that the desired E rotamers were not stable  
  
155 
OO
Cl3C
Cl
O
OCl3C
OO
Cl3C
kdeactivation kcyclization
s-trans (Z)                                                           s-cis (E)
O
OCl3C
Cl
 
Scheme 3.3. Conformations of the ester derived radical. 
 
enough and as a consequence, s-trans to s-cis (Z to E) tautomerism could not be 
easily achieved. In order to enhance the cyclization of ester radicals, previous studies 
have demonstrated one key factor is attributable to the alkyl substitution on the 
methylene carbon on the allylic side.
26
 Bulky substituents tend to occupy more space than 
hydrogens causing a compression of the internal angle, thus, bringing the reactive centers 
closer to one another. Such phenomenon is known as Thorpe-Ingold effect and is largely 
affected by gem-dialkyl substitution.
43
 Furthermore, dialkyl substitution reduces the 
energy barrier for the s-trans to s-cis (Z to E) interconversion. Consequently, a higher 
population of the reactive rotamer is achieved, allowing cyclization to occur. Besides 
physical reasons, energetic basis of this effect could be the lowering of the enthalpy of 
activation (H‡) and consequently, the decrease in free energy of activation (G‡).43 In 
light with this argument, substrates bearing alkyl or aryl substituents on the carbon 
adjacent to the oxygen atom were synthesized from commercially available secondary 
and tertiary alcohols and acryloyl chloride or methacryloyl chloride. Representative 1,6-
diene esters that have been utilized include methyl-2-propenyl acrylate (3), phenyl-2-
  
156 
propenyl acrylate (4), dimethyl-2-propenyl acrylate (5), ethylmethyl-2-propenyl acrylate 
(6) and dimethyl-2-propenyl methacrylate (7). 
 
Table 3.2. Addition of Carbon Tetrachloride to 1,6-Diene Estes Catalyzed by 
[Cu
II
(TPMA)Cl][Cl] and AIBN. 
Substrate [Substrate]:[Cu
II
] % Yield Product 
3 500:1 54 Open-chain adduct 
4 500:1 20 Open-chain adduct 
5 500:1 46 5-membered lactone 
6 500:1 51 5-membered lactone 
7 500:1 45 Open-chain adduct 
Reaction conditions: [Substrate]:[CCl4]:[Cu
II
]:[AIBN] ratios: 500:625:1:10. All reactions 
were performed in acetonitrile as the solvent and heated to 80 
0
C for a period of 24h. 
%Yields were based on 
1
H NMR using 1,4-dimethoxybenzene as the internal standard 
(relative errors are 15%).  
 
 
Table 3.2 presents the results on the addition of alkyl halides to the substituted 
allyl acrylates. Similarly to substrates 1 and 2, addition of CCl4 to 3 furnished the 
formation of the open-chain halogenated allylic ester in 54% yield. The presence of the 
bulky phenyl substituent on substrate 4 was expected to yield the cyclized products; 
however, it afforded the formation of lower amount of the monoadduct (20%). The 
results indicate that single methyl or phenyl substitution on the alkoxy carbon was 
insufficient to facilitate the rotation of the C-O bond from s-trans- to s-cis conformer (Z 
to E). Dramatic improvement was observed in the addition of CCl4 to dimethyl-2-
propenyl acrylate (5) and ethylmethyl-2-propenyl acrylate (6) as these underwent 5-
exocyclization to yield the desired -lactone. Cyclization of diene esters 5 and 6 revealed 
the significance of dialkyl substitution in achieving the desired s-cis (E) geometry. 
Substrate 6 having ethyl and methyl substituents gave the highest yield of the lactone 
(51%) followed by the dimethyl substituted 1,6-diene ester (5), in which 46% yield was  
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Table 3.3. Effect of Various Catalyst Loadings on the Addition of Carbon Tetrachloride 
to Dimethylallyl Acrylate. 
Entry [Substrate]:[Cu
II
] % Yield
c 
1 blank 100
d 
2 100:1
a 
35
c 
 
3 250:1
a 
34
c 
4 500:1
a 
32
c 
5 1000:1
a 
30
c 
6 blank
 
100
d 
7 100:1
b 
49
c 
8 500:1
b 
47
c 
9 1000:1
b 
42
c 
Reaction conditions: All reactions were performed in acetonitrile as the solvent and 
heated to 80 
0
C for a period of 24h in the presenece of 
a
5 mol% AIBN and 
b
10 mol% 
AIBN (relative to substrate).  
c
Yields of 5-membered lactone and  
d
polymers were based 
on 
1
H NMR (relative errors are 15%) using 1,4-dimethoxybenzene as the internal 
standard. 
 
achieved. Although substrate 7 was dimethyl substituted, the desired 5-exocyclic 
product was not observed.  
Extent of catalyst loading in the presence of 5 and 10 mol% AIBN was 
additionally examined in the cyclization of substrate 5. For reaction mixtures having 
[substrate]:[Cu
II
] ranging from 100:1 to 1000:1 and in the presence of 5 mol% of AIBN 
provided -lactones in 30-35% yield. Increasing the amount of AIBN to 10 mol% 
afforded the formation of 47% and 42% of the cyclic product for reaction mixtures 
having [substrate]:[Cu
II
] ratio of 500:1 and  1000:1, repectively. The yields are higher by 
15% and 12% when compared to reaction mixtures having the same catalyst loading but 
in the presence of lower amount of AIBN. Based on the results presented on Table 3.3, it 
is apparent that the amount of AIBN affects product yield, while catalyst loading has 
negligible effect. Table 3.3 also shows that the presence of the copper(II) complex 
controls the selectivity towards the 5-exocyclization. In the absence of the 
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[Cu
II
(TPMA)Cl][Cl], which are represented by the blank reaction runs (Entries 1 and 6, 
Table 3.3) only polymers were obtained. 
 
3.3 Density Functional Theory Calculations 
 
 
Scheme 3.4. 5-Exocyclization of allyl ester radical leading to the formation of -lactone. 
 
 
In order to provide further explanation on the cyclization behavior of the 
unsymmetrical 1,6-diene esters utilized in this study, we turned to theoretical 
investigations. For comparison purposes, we focused on substrates with no substituent 
(1), methyl group on the acrylic bond (2), methyl group on the allylic bond (3), dialkyl 
substituents on the allylic bond (5 and 6) (Scheme 3.4). DFT computations were carried 
out to determine the Z and E ground states, corresponding interconversion barriers, the 5- 
exocyclization activation energies and the γ-lactones of acrylates (1, 2, 3, 5 and 6). 
Although stereoisomers are possible for 3 and 6, only the most stable isomers are 
included for discussion.  
Table 3.4. Energy differences (kcal/mol) between Z and E allyl ester radicals at 
M062X/aug-cc-pVDZ level of theory, ∆E = EZ – EE. 
Substrates ∆Eelec ∆EZPE ∆H298 ∆G298 
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In agreement with previously reported energy differences between Z and E 
isomers of esters, Z is more stable than E in all the cases due to the Columbic (dipole-
dipole) interactions, which are minimized in Z and maximized in E.
44-46
 In addition, it has 
been noted that an increase in conjugation between the ether oxygen π-type lone pair 
electrons and the π electrons of the carbonyl (CO) bond is achieved in Z conformation.47-
50
 Our computations predict that the enthalpy difference of -9.8 kcal/mol between Z and E 
is an anomaly for 2, whereas the other structures have energy differences between -3.7 to 
-4.1 kcal/mol that are with in the range of previous experimental and theoretical results 
on different ester systems.
44-51
 
 
Table 3.5. Activation energies (kcal/mol) for Z to E rotational barrier (∆E‡ = ETS – EZ). 
 
Substrates ∆E‡elec ∆E
‡
ZPE ∆H
‡
298 ∆G
‡
298 
1 10.7 10.3 9.9 10.8 
2 10.8 10.2 9.9 10.7 
3 10.3 9.9 9.5 10.2 
5 7.9 7.6 7.1 7.6 
6 7.0 6.7 6.2 7.2 
 
 
1 -4.0 -4.1 -4.1 -3.8 
2 -9.8 -9.7 -9.8 -9.3 
3 -3.9 -4.0 -4.0 -3.8 
5 -3.7 -3.7 -3.7 -3.7 
6 -3.7 -3.8 -3.7 -3.8 
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Figure 3.3. Different transition structures of 1 for the interconversion of Z and E 
conformations. 
 
 
 
There are two different pathways for Z to E conversion for each of the acrylates 
considered, except for 2. The difference in the pathways depends on clockwise or 
anticlockwise rotation of the OCOC dihedral angle (α), as shown in Figure 3.3. Only 
TS2 could be located for 2. Steric repulsion between the methyl group on the radical 
center with the ethylene group in 2 prevents the Z to E conversion via transition structure 
TS1 along the reaction path. Therefore, we have included only the energetically favorable 
TS1 for the discussion of 1, 3, 5, and 6 and TS2 for 2. It has been observed that alkyl 
substitutions leads to the lowering of the Z to E interconversion barriers in 3, 5, and 6, 
compared to unsubstituted esters 1 and 2. We find from the NBO computations that the 
reduction in interconversion barriers are due to the stabilizing σ(C-C/H)  σ*(O-C) 
hyperconjugation interactions in 3, 5 and 6, which are absent in 2 and 1. For example, the 
specific hyperconjugations are shown below for 3 in Figure 3.4. 
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Figure 3.4. Stabilizing σ(C-H)  σ*(O-C) hyperconjugation interactions in the Z to E 
transition structure of (3). 
 
Energy values of the Z rotamer (Ez) of the second-order perturbation theory 
analysis obtained from NBO analysis were used to estimate the magnitudes of these 
interactions and are given in Table 3.6. The σ(C-C/H)σ*(O-C) hyperconjugation 
interaction leads to a weakening and lengthening of the O-C bond (~0.01 Å), thus 
lowering the barrier of interconversion. 
The computed activation energies for 5-exocyclization of the radicals are given in 
Table 3.7. Experimental observations suggest that 1, 2, and 3 do not cyclize to form the 
desired product. However, it has been observed that 5 and 6, which have dialkyl 
substituents on the geminal position, formed the final five-membered γ-lactones. 
Computed activation energies presented in Table 3.7 give light to the experimental 
findings. Substrates without alkyl substituents on the methylene carbon on the allylic site 
gave the highest activation energies. The influence of single alkyl substitution on 
activation energy for γ-lactone formation was very negligible. Apparently, substrates 5 
and 6 gave the lowest activation barriers and highest yields.  
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Table 3.6. Strength of the σ(C-C/H)  σ*(O-C) hyperconjugation interactions pushing 
electron density into O-C
 
bond in kcal/mol and the corresponding bond lengths. 
Substrates Hyperconjugation
a
 O-C
b
 
1 0.0 1.434 
2 0.0 1.435 
3 -3.0 1.449 
5 -6.9 1.462 
6 -7.2 1.461 
a
Hypercojugation(kcal/mol) interactions pushing electron density into O-C bond. 
b
Bond 
length in Å. 
 
 
 
Table 3.7. Activation energies (kcal/mol) for 5-exocyclization(

E  ETS  EE ).  
Substrates E‡elec E
‡
ZPE H
‡
298 G
‡
298 
1 10.7 10.1 9.6 11.6 
2 9.0 8.8 8.1 11.1 
3 9.9 9.4 8.8 10.9 
5 8.6 7.7 7.2 9.0 
6 7.7 7.2 6.7 8.6 
    a
Key transition state distance involved in the bond formation (Å). 
 
A plausible hypothesis that explains the selective decrease in activation barriers is 
the Thorpe-Ingold effect involving gem-dialkyl compression of the internal angle that 
brings the reactive centers (5-exocyclization) closer to one another.
52
 In order to 
understand the Thorpe-Ingold effect, the bond angles involved with gem-dimethyl effect 
in the E conformation of radical esters were considered, as shown in Figure 3.3. It is 
computed that alkyl substitution (R1 and/or R2) compresses the internal angle associated 
with ring closure, where 1 (113.4°) and 2 (114.0°) are both larger than 6 (111.5°), 5 
(111.8°) and 3 (112.0°). Although these changes in angles seem to be minor, they are 
significant.
52
 Anomaly in 2 can be attributed to the steric congestion between the methyl 
group on the radical carbon and the allyl group leading to the opening of the bond angles. 
It is inferred that the alkyl substituents on the radical carbon leads to the relaxation of the 
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internal angles involved in ring closure, thus disfavoring the cyclization process 
compared to unsubstituted radical carbon systems.  
 
Figure 3.5. Stabilizing σ(C-H)  σ*(C-C) hyperconjugation interactions in the 5-exo 
cyclization transitions structure of 3. 
 
 
Figure 3.5 shows the formation of γ-lactone from the E conformation that 
involves the rotation about the C-O bond. Apart from promoting Thorpe-Ingold effect, 
alkyl substitution also provide σ(C-C/H)  σ*(C-C) hyperconjugation interactions that 
decrease the C-C bond strength and increase the C-C bond length thereby lowering the 
barrier of rotation about this bond. The magnitude of the hyperconjugation interactions 
σ(C-C/H)  σ*(C-C) are quantified by the E(2) energy values of the second-order 
perturbation theory analysis obtained from NBO analysis and are given in Table 3.5. 
These hyperconjugation interactions are illustrated in Figure 3.5 for 3, which are absent 
in 1 and 2. Single methyl substitution in 3 results in a stabilizing hyperconjugation 
interaction (2.3 kcal/mol) that is not strong enough to lower the activation energy of 
cyclization considerably. Dialkyl substitution in 5 and 6 leads to two different stabilizing 
hyperconjugations with total magnitude of 5.1 kcal/mol and 5.3 kcal/mol, respectively, 
leading to increased C-C bond length and lowering of activation barriers.  
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Table 3.8. Strength of the σ(C-C/H)  σ*(C-C) hyperconjugation interactions pushing 
electron density into C-C bond in kcal/mol and the corresponding bond lengths. 
Substrates Hyperconjugation
a
 C-C
b
 
1 0.0 1.517 
2 0.0 1.516 
3 -2.3 1.521 
5 -5.1 1.532 
6 -5.3 1.532 
a
Hypercojugation(kcal/mol) representing sum of the terms involving anomeric effects 
pushing electron density into C-C bond. 
b
Bond length in Å.  
 
 
 
Finally, the reaction path for the formation of five membered γ-lactone rings from 
each of the acrylates was computed as shown Figure 3.6. The energetics of the reaction 
path are given in Figure 3.7. DFT predicts that the activation barriers for both Z to E 
conversion and 5-exocyclization are low for 6, followed by 5. Experimentally, it has been 
determined that 6 bearing the ethyl and methyl group at the germinal carbon gave the 
highest yield of the lactone, followed by 5 with dimethyl substitution. Predicted DFT 
activation barriers are in accord with the experiments, as 6 has the lowest barrier height 
followed by 5. Highest activation barriers were predicted for 2, which was unable to form 
lactones experimentally, followed by 1. Steric interactions between the methyl group on 
the radical carbon and the allyclic group leads to the increase in the activation barrier for 
5-exocyclization in 2. 
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Figure 3.6. Z and E conformations of allyl acrylate along with the corresponding 
transition states and final γ-lactone involved in the reaction path. 
 
  
166 
 
Figure 3.7. Reaction path for the formation of -lactone. 
 
 
 
3.4 Summary and Conclusions 
 
Copper-catalyzed atom transfer radical addition (ATRA) followed by cyclization 
(ATRC) of CCl4 and 1,6-diene esters (allyl acrylate (1), allyl methacrylate (2), methyl-2-
propenyl acrylate (3), phenyl-2-propenyl acrylate (4), dimethyl-2-propenyl acrylate (5), 
ethylmethyl-2-propenyl acrylate (6) and dimethyl-2-propenyl methacrylate (7)) leading to 
the formation of functionalized -lactones was investigated. The reaction involves a 
sequence of intermolecular addition of CCl4 to the of acrylic C=C bond generating a 5-
hexenyl type radical followed by intramolecular trapping of the ester radical by the 
remaining allylic C=C bond. Experimental observations revealed that substrates 5 and 6 
yielded the desired 5-exocyclic products, while other substrates afforded the formation of 
open-chain adducts and polymers. Experimental findings and computational 
investigations both agreed that the cyclization of the allylic ester radicals is promoted by 
the dialkyl substitution on the methylene carbon of the allylic side. Dialkyl substitution 
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facilitates hyperconjugation interactions that are responsible for the lowering of Z to E 
interconversion barrier and the barrier for 5-exo cyclizations. However, consistent with 
the Hammond Postulate,
67
 anomeric hyperconjugations at the transition structures are 
responsible for the activation energy lowering that allows 5 and 6 to cyclize. This study 
emphasizes the significance of streoelectronics in governing the selectivity towards 
cyclization of 1,6-diene esters.  
 
 
3.5 Experimental 
 
3.5.1 General Procedures 
 
All alcohols (3-buten-2-ol, 1-phenyl-2-propen-1-ol, 2-methyl-3-buten-2-ol and3-
methyl-1-penten-3-ol), allyl acrylate, allyl methacrylate, acryloyl chloride and 
triethylamine were purchased from commercial sources and used as received. 
Acetonitrile and methylene chloride were degassed and deoxygenated using Innovative 
Technology solvent purifier. 2,2-Azobisisobutyronitrile was recrystallized from cold 
methanol and dried under vacuum. Tris(2-pyridylmethyl)amine (TPMA) was synthesized 
according to literature procedure.
53
 [Cu
II
(TPMA)Cl]Cl] was prepared according to 
published procedure.
7  1H NMR and 13C spectra were obtained using Bruker Avance 400 
MHz and 100 MHz; respectively. All chemical shifts are given in ppm relative to residual 
solvent peaks (
1
H =CDCl3, 7.26 ppm, 
13
C= 77.2 ppm). 
3.5.2 Synthesis of 1,6-Diene Esters 
 
Into a Schlenk flask were added 50-mL CH2Cl2, corresponding alcohol (3-buten- 
2-ol (10 mmols, 870 L),  1-phenyl-2-propen-1-ol (10 mmols, 1314 L), 2-
methyl-3-buten-2-ol (10 mmols, 1050 L) and  3-methyl-1penten-3-ol (10 mmols, 1195 
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L)) and triethylamine (30 mmols 4.2 mL), afterwards, the resulting mixture was kept 
stirring at 0
0
C. Acryloyl choride (890 L, 11 mmols) or methacryloyl chloride (1075 L, 
11 mmols) was then added, dropwise to the mixture. After the addition, the resulting 
mixture was allowed to warm up to room temperature and stirred overnight. Work-up 
with 10% v/v HCl (3 x 20 ml) solution followed, extracting the organic layer each time. 
Collected organic layer was washed with brine solution and dried over anhydrous 
magnesium sulfate and solvent removed in vacuo. Flash column chromatography on a 
silica gel with hexane:ethyl acetate (40:1) as the eluent provided the 1,6-diene ester. 
3.5.3 General Procedure for [CuII(TPMA)Cl][Cl] and AIBN Catalyzed Atom 
Transfer Radical Addition of CCl4 to Unsymmetrical Diene Esters. 
 
All reactions were performed in disposable 5.0mm NMR tubes equipped with a 
plastic cap.  In a typical experiment, a stock solution containing diene ester, CCl4, AIBN 
and p-dimethoxybenzene internal standard was prepared in a 1:1.25:0.05:0.1 ratio and 
MeOH was added to maintain a concentration of 1.0M. Aliquots of the solution (0.2 
mmol, 200L) were distributed to NMR tubes, followed by the desired amount of the 
copper(II) complex and total volume was adjusted by to maintain a concentration of 
0.5M. Each reaction mixture flushed with argon for at least 30 seconds, secured with 
standard polyethylene NMR tube cap and sealed with a Teflon tape followed by electrical 
tape. The reaction mixture was then immersed in an oil bath thermostated at 80
0
C for a 
period of 24h. The percent conversion and yield were obtained using 
1
H NMR 
spectroscopy relative to the internal standard. The -lactones were isolated by preperative 
TLC on silica gel with hexane:ethyl acetate (80:20) as the mobile phase. 
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3.5.4 Product Characterization 
 
Spectral data for 1,6-diene esters methyl-2-propenyl acrylate (3) and dimethyl-2-
propenyl acrylate (5) were consistent with previously reported publication.
26
  
Phenyl-2-propenyl acrylate (4) 
OO Ph
 
1
H NMR (400 MHz; CDCl3):  7.26-7.18 (m. 5H), 6.33 (d, J = 17.3 Hz, 1H), 6.21 (d, J = 
5.9 Hz, 1H), 6.06 (dd, J = 17.3, 10.4 Hz 1H), 5.91 (ddd, J = 16.9, 10.4, 6.2 Hz 1H), 5.73 
(d, J = 10.4, Hz 1H), 5.16 (dd, J = 22.2, 13.8 Hz, 2H). 
13
C NMR (100 MHz; CDCl3):  165.2, 138.8, 136.2, 131.2, 128.3, 127.7, 127.2, 126.4, 
117.1, 75.3. 
Ethylmethyl-2-propenyl acrylate (6) 
OO
 
1
H NMR (400 MHz; CDCl3):  6.20 (dd, J = 17.3, 1.6 Hz 1H), 5.90 (ddd, J = 39.2, 17.3, 
10.7 Hz 2H), 5.62 (dd, J = 10.3, 1.6 Hz 1H), 5.04 (dd, J = 14.2, 1.0 Hz, 1H),  (dd, J = 7.8, 
1.0 Hz, 1H), 1.68-1.80 (m, 2H),  1.43 (s, 3H), 0.74 (t, J = 7.5, 1.0 Hz, 2H). 
13
C NMR (100 MHz; CDCl3):  165.1, 141.5, 129.9, 113.4, 83.6, 32.6, 23.1, 7.9. 
Dimethyl-2-propenyl methacrylate (7) 
OO
 
1
H NMR (400 MHz; CDCl3):  5.96 (dd, J = 17.4, 11.2 Hz 1H), 5.90 (s, 1H), 5.36 (s, 
1H), 5.06(d, J = 17.6 Hz 1H), 4.95(d, J = 11.2 Hz 1H), 1.77 (s, 3H), 1.42 (s, 6H). 
13
C NMR (100 MHz; CDCl3):  165.2, 142.6, 137.7, 124.7, 112.6, 80.8, 26.5, 18.4. 
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3-(Chloromethyl)-5,5-dimethyl-4-(2,2,2-trichloroethyl)dihydrofuran-2(3H)-one 
O
O
Cl
Cl3C  
1
H NMR (400 MHz; CDCl3):  4.05 (dd, J = 12.0, 4.0 Hz 1H), 3.63 (dd, J = 12.0, 4.0 Hz 
1H), 3.53 (dd, J = 15.3, 4.7 Hz 1H), 2.94 (dd, J = 15.4, 4.1 Hz, 1H), 2.83 (dd, J = 12.2, 
4.6 Hz 1H), 2.62-2.55 (m, 1H), 1.67 (s, 3H), 1.50 (s, 1H). 
13
C NMR (100 MHz; CDCl3):  174.0, 97.7, 84.7, 54.4, 52.7, 42.8, 41.7, 29.6, 21.6. 
 
3-(Chloromethyl)-5-ethyl-5-methyl-4-(2,2,2-trichloroethyl)dihydrofuran-2(3H)-one 
O
O
Cl
Cl3C
 
1
H NMR (400 MHz; CDCl3): (cis isomer) 4.03 (dd, J = 12.0, 4.0 Hz, 1H), 3.65 (dd, J = 
12.0, 10.2 Hz, 1H), 3.52 (dd, J = 15.2, 4.8 Hz, 1H), 2.97 (dd, J = 15.4, 4.2 Hz, 1H), 2.86-
2.82 (m, 1H), 2.70-2.63 (m, 1H), 1.90-1.77 (m, 1H), 1.47 (s, 3H), 0.74 (t, J = 7.4 Hz, 
3H). (trans isomer)  4.04 (dd, J = 12.0, 4.4 Hz, 1H), 3.68 (dd, J = 12.0, 10.4 Hz, 1H), 
3.53 (dd, J = 15.2, 4.0 Hz, 1H), 2.90 (dd, J = 14.2, 4.2 Hz, 1H), 2.65-2.59 (m, 1H), 2.09-
2.0 (m, 1H), (1.90-1.77 (m, 1H), 1.61 (s, 3H), 0.75 (t, J = 7.4 Hz, 3H). 
13
C NMR (100 MHz; CDCl3):  174.2, 97.7, 86.9, 54.4, 53.9, 42.7, 34.3 26.0, 19.7, 7.8. 
 
3.5.5 Computational Methods 
 
Computer resources were acquired from the Center for Computational Sciences 
(CCS) at Duquesne University.
54
 The Gaussian 09 program
55
 has been used for all the 
electronic structure calculations. Truhlar‘s hybrid meta-generalized gradient exchange 
correlation functional M06-2X
56,57
 combined with Dunning‘s augmented correlation-
consistent polarized-valence double-zeta basis set (aug-cc-pVDZ)
58
 has been used to 
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investigate the atom transfer radical cascade reactions involving 1,6-diene esters of 
interest. Tomasi‘s polarized continuum model (PCM)59,60 was utilized to include the 
effects of solvent. Full ground-state and transition-state optimizations were carried out on 
different using dielectric constant of 35.69 (acetonitrile). Frequency calculations were 
carried out to confirm all stationary points as minima or first-order saddle points on the 
potential energy surface.  
Natural bond orbital (NBO) analysis was performed using the NBO 5.9 
program,
61
 embedded within the Gaussian 09 suite. NBO transforms the non-orthogonal 
atomic orbitals from the HF wave function into orthonormal natural atomic orbitals 
(NAO),
62
 natural hybrid orbitals (NHO),
63
 natural bond orbitals (NBO)
64
 and natural 
localized molecular orbitals (NLMO).
65
 This allows electron density to be treated in a 
more intuitive manner, i.e. localized onto bonds, atoms, and lone pairs, leading to a 
description of the molecule as a localized Lewis structure. NBO estimates the energy 
involved in specific hyperconjugations between donor and acceptor orbital interactions. 
In this study, NBO was used to estimate the σ(C-H)→ σ*(O—C) and σ (C-H)→ σ*(C—
C) interaction energies. All NBO computations were performed at M062X/aug-cc-pVDZ 
level of theory as Goodman suggested the use of Dunning‘s basis set for the accurate 
prediction of orbital interactions when using NBO.
66
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Chapter 4  
 
 
One-Pot Sequential Azide-Alkyne [3+2] Cycloaddition 
and Atom Transfer Radical Addition (ATRA): 
Expanding the Scope of In Situ Copper(I) Regeneration 
in the Presence of Environmentally Benign Reducing 
Agent 
 
 
Reproduced in part with permission from Ricardo, C. L.; Pintauer, T Eur. J. Inorg. Chem. 
2011, 8, 1292-1301. Copyright 2011 Wiley-VCH Verlag. 
 
 
One-pot sequential reactions involving azide-alkyne [3+2] cycloaddition and atom 
transfer radical addition (ATRA) catalyzed by [Cu
II
(TPMA)X][X] (X=Br
-
 or Cl
-
, TPMA= 
tris(2-pyridylmethyl)amine) in the presence of ascorbic acid as a reducing agent were 
reported. Reactions with azidopropyl methacrylate and 1-(azidomethyl)-4-vinylbenzene 
in the presence of a variety of alkynes (phenylacetylene, 3,4-difluorophenylacetylene, 
propargyl alcohol, 2-methyl-3-butyn-2-ol, methyl propiolate and ethyl propiolate) and 
alkyl halides (carbon tetrachloride, carbon tetrabromide, ethyl trichloroacetate, methyl 
trichloroacetate, ethyl dichloroacetate, methyl dichloroacetate, dichloroacetonitrile and 2-
bromopropionitrile) proceeded efficiently to yield highly functionalized 
(poly)halogenated esters and aryls containing triazolyl group in the presence of as low as 
0.5 mol-% of the catalyst.  It is envisioned that the presented methodology could have 
further implications in organic synthesis of functionalized triazoles, which have recently 
been identified as the lead targets for the screening of potential pharmaceutical drugs. 
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4.1 Introduction 
 
In 2001, reinvigoration of old style of organic synthesis was defined in response 
to the demands of modern chemistry.
1
 This was coined as ―click chemistry‖ describing 
faster and modular style of synthesis.  Among the reactions that met the stringent criteria, 
copper-catalyzed Huisgen [3+2] cycloaddition popularized by the Meldal
2
 and Sharpless
3
 
laboratories was the first to achieve the ―click status‖.  To date, this reaction has emerged 
as the best example of click chemistry due to its reliability, robustness, functional group 
tolerance, ability to withstand wide spectrum of solvents, and desirable properties of the 
triazole.
1,2,4
 Numerous applications of this type of chemistry have been found in all 
aspects of bioconjugation, drug discovery, and material science.
4-6
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Scheme 4.1 Proposed Mechanism for Copper-Catalyzed [3+2] Azide-Alkyne 
Cycloaddition.
7,8
  
Mechanistically, the first step in copper catalyzed [3+2] cycloaddition involves 
the formation of copper(I) acetylides, which are formed from copper(I) (typically 
regenerated from copper(II) in the presence of sodium ascorbate), terminal alkynes, and a 
base (Scheme 4.1).  The generated copper(I) acetylide species have a strong tendency to 
form -coordinate bridged aggregates, the formation of which is strongly dependent on 
the nature and type of complexing ligand.
7
 The second step in the catalytic cycle is the 
reaction of copper(I) acetylides with organic azides to from triazolyl-copper 
intermediates,
9
 which upon protonolysis yield the desired 1,2,3-triazole.  This last step 
also regenerates the copper(I) catalyst. 
Another C-C forming reactions that are becoming more synthetically useful are 
the transition-metal catalyzed atom transfer radical addition (ATRA) and the 
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intramolecular counterpart, atom transfer radical cyclization (ATRC).
10-15
 Traditionally, 
both were conducted in the presence of high catalyst loadings, therefore facing issues in 
product separation and catalyst recycling.  Solution to these problems was found for the 
mechanistically similar atom transfer radical polymerization (ATRP),
16,17
 in which 
reducing agents were utilized to continuously regenerate the activator or copper(I) 
complex.
18-21
 Catalyst regeneration technique has also been shown to be highly efficient 
in ruthenium
22
 and copper
13,23-26
 catalyzed ATRA and ATRC reactions.  The presence of 
the reducing agents (free-radical diazo initiators, magnesium or ascorbic acid) 
successfully allowed the reduction in the amount of transition metal complex, and as a 
result, these reactions can now be conducted using very low amounts of the catalyst.
27-39
 
Additionally, the methodology was also extended to include sequential organic 
transformations involving ATRA/ATRC.
30,40,41
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Scheme 4.2. Proposed Mechanism for Copper-Catalyzed Atom Transfer Radical 
Addition (ATRA) in the Presecence of Reducing Agents. 
 
The proposed mechanism for copper catalyzed ATRA in the presence of reducing 
agents is shown in Scheme 4.2.  To role of the reducing agent is to continuously 
regenerate copper(I) from the copper(II) complex that accumulates in the reaction 
mixture as a result of unavoidable and often diffusion controlled radical-radical 
termination reactions.  The copper(I) complex starts a catalytic cycle by homolytically 
cleaving an alkyl halide bond to produce an alkyl radical that adds across a carbon-carbon 
double bond of an alkene.  The generated secondary radical then irreversibly abstracts 
halogen atom from the copper(II) complex to form a desired monoadduct.  This step 
regenerates the activator or copper(I) complex, completing the catalytic cycle. As 
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indicated in Scheme 4.2, the competing side reactions in this process besides radical 
terminations by either coupling or disproportionation include repeating radical additions 
to alkene to form oligomers/polymers. 
Since azide-alkyne [3+2] cycloaddition (Scheme 4.1)
1,3,4
 and ATRA (Scheme 
4.2)
13,25,26
 are both catalyzed by copper(I) complexes, our attention has focused on the 
possibility for mediating these reactions in a one-pot sequential manner (Scheme 4.3).  
Such sequence would lead to the formation of compounds with both triazole and halogen 
functionalities. The latter one is particularly attractive because it opens up the 
possibilities for numerous organic transformations such as elimination, displacement, 
conversion to a Grignard reagent, etc.  Also, on the other hand, the halogen functionality 
could serve as further radical precursor.  A combination of copper catalyzed azide-alkyne 
[3+2] cycloaddition and mechanistically similar ATRP was first explored by the group of 
Matyjaszewski in a two-pot two-step manner consisting of converting the halogen end-
groups in well-defined polymers to azides and then subsequently triazoles.
42,43
 The 
methodology was also successfully extended to one-pot simultaneous reaction in which 
propargyl methacrylate and alkyl azides were reacted to yield highly functionalized and 
well-defined polymeric materials.
44,45
 However, to the best of our knowledge, the two 
reactions were never applied to small molecule synthesis. 
In this chapter, we report on one-pot sequential reactions involving azide-alkyne 
[3+2] cycloaddition and atom transfer radical addition (ATRA) catalyzed by 
[Cu
II
(TPMA)X][X] (X=Br
-
 or Cl
-
, TPMA=tris(2-pyridylmethyl)amine) in the presence of 
ascorbic acid as a reducing agent. 
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Scheme 4.3. Copper-catalyzed azide-alkyne cycloaddition and atom transfer radical 
addition. 
 
4.2 Copper-Catalyzed [3+2] Azide-Alkyne Cycloaddition 
In our previous reports we demonstrated that copper(II) complexes with TPMA 
ligand ([Cu
II
(TPMA)X][X], X= Br
-
 or Cl
-
) in the presence of reducing agents such as free 
radical diazo initiators or ascorbic acid were highly active in ATRA, ATRC, and domino 
or cascade type reactions.
23,24,29,39,40
 The next logical step was to determine whether the 
same complexes could also catalyze azide-alkyne [3+2] cycloaddition, particularly taking 
into account that tetradentate nature of TPMA
46
 ligand could block the coordination of 
alkyne to the copper(I) center, which is an important step in the reaction mechanism 
(Scheme 4.1).
6,47,48
 Series of reactions involving azidopropyl methacrylate (AzPM) and 
various alkynes (Scheme 4.4 and Table 4.1) were performed in the presence of 
[Cu
II
(TPMA)][Cl][Cl] and ascorbic acid as a reducing agent.   
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Scheme 4.4. Structures of alkynes used in azide-alkyne [3+2] cycloaddition and atom 
transfer radical addition. 
 
 
4.3 Copper-Catalyzed [3+2] Azide-Alkyne Cycloaddition 
 
Although sodium ascorbate is widely used for in situ regeneration of Cu
I
 from 
Cu
II 
salts in azide- alkyne cycloaddition,
6
 its insolubility in MeOH shifted our choice 
towards ascorbic acid. As indicated in Table 4.1, cycloaddition reactions between AzPM 
and alkynes: phenylacetylene (PhA), 3,4-difluorophenylacetylene (DFPhA), propargyl 
alcohol (PrOH) 2-methyl-3-butyn-2-ol (MBOH), methyl propiolate (MPr) and ethyl 
propiolate (EPr) (entries 1, 6, 11, 14, 17, and 21) in the presence of 1.0 mol% of 
[Cu
II
(TPMA)Cl][Cl] and 10-25 equiv. of ascorbic acid (relative to Cu
II
 complex) afforded 
the formation of the corresponding triazoles in nearly quantitative yields. Encouraged by 
these results, the extent of catalyst loading was further examined.  In previous reports, 
azide-alkyne [3+2] cycloaddition reactions catalyzed by copper(I) in conjunction with 
TPMA ligand required at least 10 mol% of the complex relative to azide.
42,47
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Table 4.1. [Cu
II
(TPMA)Cl][Cl] catalyzed azide-alkyne [3+2] cycloaddition in the 
presence of ascorbic acid as a reducing agent. 
 
Entry
[a]
 Alkyne Product  [Cu
II
]
[b]
 t (h) Yield (%)
[c]
 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
PhA 
 
 
 
 
DFPhA 
 
 
 
 
PrOH 
 
 
MBOH 
 
 
MPr 
 
 
 
EPr 
1 
 
 
 
 
2 
 
 
 
 
3 
 
 
4 
 
 
5 
 
 
 
6 
1.0 
0.25 
0.25 
0.2 
0.1 
1.0 
0.5 
0.5 
0.25 
0.20 
1.0 
0.50 
0.25 
1.0 
0.50 
0.25 
1.0 
0.50 
0.25 
0.20 
1.0 
0.50 
0.25 
0.20 
1 
1 
6 
6 
24 
1 
2 
3 
18 
18 
3 
3 
6 
3 
24 
24 
1 
1 
3 
3 
3 
3 
3 
3 
~100 
93 
96 
90 
83 
~100 
92 
~100 
92 
93 
~100 
90 
76 
~100 
91 
56 
~100 
95 
90 
81 
~100 
97 
93 
86 
[a] All reactions were performed in CH3OH at 60oC using [AzPM]0:[Alkyne]0 = 1:1, 
[AzPM]0=0.50M.  The amount of ascorbic acid in each system ranged between 20 and 25 
eq. relative to copper(II) complex.  For alkyne structures refer to Scheme 4.4. [b] Mole 
percent relative to AzPM.  [c] The yield is based on the formation of the triazole and was 
determined by 1H NMR spectroscopy using p-dimethoxybenzene as internal standard 
(relative errors are ±15%). 
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Surprisingly, with DFPhA, MPr, and EPr triazoles were synthesized in 93%, 81%, 
and 86% yields (Table 4.1, entries 10, 20 and 24), respectively, using as low as 0.2 mol% 
of copper.  Even lower catalyst loading (0.1 mol%) was required for the reaction between 
AzPM and PhA (entry 5).  To the best of our knowledge, these are one of the lowest 
amounts of copper(II) complexes required to efficiently catalyze azide-alkyne [3+2] 
cycloaddition. 
 
4.4 Sequential Azide-Alkyne [3+2] Cycloaddtion and Atom 
TransferRadical Addition (ATRA) 
 
Having demonstrated the efficiency of [Cu
II
(TPMA)Cl][Cl] to catalyze azide-
alkyne [3+2] cycloaddition in the presence of ascorbic acid as a reducing agent, 
optimization studies were conducted to maximize the yield of the monoadduct in the 
second sequential step involving ATRA of CCl4.  The results are summarized in Table 
4.2.  For all alkynes, nearly quantitative yields of the triazolyl haloalkyl esters were 
obtained using 1.0 mol% of the copper catalyst (entries 1, 5, 8, 12, 16, and 20).  A typical 
1
H and 
13
C NMR spectra of the reaction product (6a) are shown in Figure 4.1.  Further 
decrease in catalyst loading to 0.5 mol% still resulted in very high yields of the desired 
monoadduct (entries 2, 6, 9, 13, 17, and 21).  It is particularly important to notice that the 
reaction mixtures containing as low as 0.25 mol% of [Cu
II
(TPMA)Cl][Cl] still proceeded 
efficiently to afford the final product in yields greater than 80% (entries 7, 10, 18 and 22). 
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Table 4.2. Sequential azide-alkyne [3+2] cycloaddition and atom transfer radical addition 
(ATRA) of carbon tetrachloride catalyzed by [Cu
II
(TPMA)Cl][Cl] in the presence of 
ascorbic acid as a reducing agent. 
 
Entry
[a]
 Alkyne Product  [Cu
II
]
[b]
 t (h)
[c]
 Yield (%)
[d]
 
1 
2 
3 
4 
PhA 1a 1.0 
0.50 
0.25 
0.20 
2 
3 
3 
3 
~100(91)
[e]
 
90 
78 
70 
5 
6 
7 
DFPhA 2a 1.0 
0.50 
0.25 
3 
4 
6 
96 
90 
83 
8 
9 
10 
11 
PrOH 3a 1.0 
0.50 
0.25 
0.20 
3 
3 
3 
3 
95(86)
[e]
 
86 
83 
73 
12 
13 
14 
15 
MBOH 4a 1.0 
0.50 
0.25 
0.20 
3 
3 
3 
3 
~100 
86 
74 
72 
16 
17 
18 
19 
MPr 5a 1.0 
0.50 
0.25 
0.20 
1 
1 
1 
1 
98 
91 
86 
72 
20 
21 
22 
23 
EPr 6a 1.0 
0.50 
0.25 
0.20 
3 
3 
3 
3 
~100(89)
[e]
 
~100 
85 
65 
[a] All reactions were performed in CH3OH at 60 
o
C using [AzPM]0:[Alkyne]0 = 1:1, 
[AzPM]0=0.50M.  The amount of ascorbic acid in each system ranged between 20 and 25 
eq. relative to copper(II) complex. For alkyne structures refer to Scheme 4.4. [b] Mole 
percent relative to alkyne.  [c] Reaction time for azide-alkyne cycloaddition (time for 
ATRA reaction was 8 h for all substrates with [AzPM]0:[CCl4]0=1:1.25).  [d] The yield is 
based on the formation of the product and was determined by 1H NMR spectroscopy using 
p-dimethoxybenzene as internal standard (relative errors are ±15%).  [e] Isolated yield for 
the large scale reaction. 
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Figure 4.1. 
1
H (a) and 
13
C NMR (CDCl3, 298 K) (b) spectra of 6a.  
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Table 4.3. Sequential azide-alkyne [3+2] cycloaddition and atom transfer radical addition 
(ATRA) of various alkyl halides catalyzed by [Cu
II
(TPMA)X][X] (X=Br
-
 or Cl
-
) in the 
presence of ascorbic acid as reducing agent. 
 
Entry
[a]
 Alk. RX [Cu
II
]
[b]
 t1(h)/t2(h)
[c]
 Product Yield (%)
[d]
 
 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
PhA 
CBr4 
 
 
CCl3CO2Et 
 
CCl2HCO2Et 
 
CCl2HCN 
 
CHBr(CH3)CN 
1.0 
0.50 
0.25 
1.0 
0.50 
1.0 
0.50 
1.0 
0.50 
1.0 
2/8 
2/8 
6/8 
2/24 
2/24 
2/24 
2/24 
2/24 
2/24 
2/24 
7a 
 
 
8a 
 
9a 
 
10a 
 
11a 
99(90)
[e]
 
96 
80 
82 
72 
80 
65 
85 
70 
35 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
MPr 
CBr4 
 
 
CCl3CO2Et 
 
CCl3CO2Me 
 
CCl2HCO2Et 
 
 
CCl2HCO2Me 
 
CCl2HCN 
 
CHBr(CH3)CN 
1.0 
0.50 
0.25 
1.0 
0.50 
1.0 
0.50 
1.0 
0.50 
0.25 
1.0 
0.50 
1.0 
0.50 
1.0 
0.50 
2/8 
2/8 
6/8 
1/24 
1/24 
2/24 
2/24 
2/24 
2/24 
2/24 
2/24 
2/24 
2/24 
2/24 
2/24 
2/24 
12a 
 
 
13a 
 
14a 
 
15a 
 
 
16a 
 
17a 
 
18a 
100(86)
[e]
 
94 
78 
81 
75 
91 
81 
80(73)
[e]
 
75 
64 
83 
70 
83 
78 
75 
74 
[a] All reactions were performed in CH3OH at 60 
o
C using [AzPM]0:[Alkyne]0 = 1:1, 
[AzPM]0 = 0.50M. The amount of ascorbic acid in each system ranged between 20 and 25 
eq. relative to Cu
II
 complex. For alkyne structures refer to Scheme 4.4. [b] Mole percent 
relative to alkyne.  [c] t1= reaction time for azide-alkyne cycloaddition, t2= reaction time for 
ATRA.  For all alkyl halides 2 eq. were used relative to AzPM, except for CCl4 where only 
1 eq. was utilized. [e] Yield was based on product formation and was determined by 
1
H 
NMR spectroscopy using p-dimethoxybenzene as internal standard (relative errors are 
±15%). [e] Isolated yield for the large-scale reaction. 
 
 
 
 
 
 
O
O N3
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Table 4.4. Sequential azide-alkyne [3+2] cycloaddition and atom transfer radical addition 
(ATRA) of various alkyl halides catalyzed by [Cu
II
(TPMA)X][X] (X=Br
-
 or Cl
-
) in the 
presence of ascorbic acid as reducing agent. 
 
Entry
[a]
 Alk. RX [Cu
II
]
[b]
 t1(h)/t2(h)
[c]
 Product Yield (%)
[d]
 
 
1 
2 
3 
4 
5 
PhA 
CCl4 
 
 
CCl3CO2Et 
CCl3CO2Me 
1.0 
0.50 
0.25 
1.0 
1.0 
3/8 
3/8 
6/8 
6/24 
6/24 
19a 
 
 
20a 
21a 
85(86)
[e]
 
83 
32 
45 
57 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
MPr 
CCl4 
 
 
CCl3CO2Et 
 
CCl3CO2Me 
 
CCl2HCO2Et 
CCl2HCO2Me 
CCl2HCN 
CHCl3 
CHBr(CH3)CN 
1.0 
0.50 
0.25 
1.0 
0.50 
1.0 
0.50 
1.0 
1.0 
1.0 
1.0 
1.0 
2/8 
2/8 
2/8 
2/24 
2/24 
2/24 
2/24 
2/24 
2/24 
2/24 
1/24 
2/24 
22a 
 
 
23a 
 
24a 
 
25a 
26a 
27a 
28a 
29a 
92(90)
[e]
 
73 
47 
87 
83 
82(84)
[e]
 
78 
43 
48 
46 
42 
26 
[a] All reactions were performed in CH3OH at 60 
o
C using [AzMVB]0:[Alkyne]0 = 1:1, 
[VBAz]0 = 0.50M. The amount of ascorbic acid in each system ranged between 20 and 25 
eq. relative to Cu
II
 complex. For alkyne structures refer to Scheme 4.4. [b] Mole percent 
relative to alkyne.  [c] t1= reaction time for azide-alkyne cycloaddition, t2= reaction time for 
ATRA.  For all alkyl halides 2 eq. were used relative to AzMVB, except for CCl4 where 
only 1 eq. was utilized. [e] Yield was based on product formation and was determined by 
1
H NMR spectroscopy using p-dimethoxybenzene as internal standard (relative errors are 
±15%). [e] Isolated yield for the large-scale reaction. 
 
 
The results presented in Table 4.1 and Table 4.2 clearly indicate that copper(II) 
complexes with TPMA ligand, in conjunction with ascorbic acid, are very efficient 
catalysts for both azide-alkyne [3+2] cycloaddition and ATRA.  In order to further 
demonstrate the synthetic usefulness of this sequential sequence of reactions, additional 
experiments were performed using a variety of alkyl halides including carbon 
N3
  
194 
tetrabromide (CBr4), ethyl trichloroacetate (CCl3CO2Et), methyl trichloroacetate 
(CCl3CO2Me), ethyl dichloroacetate (CCl2HCO2Et), methyl dichloroacetate 
(CCl2HCO2Me), dichloroacetonitrile (CCl2HCN), and 2-bromopropionitrile 
(CHBr(CH3)CN).  The results for azidopropyl methacrylate (AzPM) and 1-
(azidomethyl)-4-vinylbenzene (AzMVB) are summarized in Table 4.3 and Table 4.4.  As 
expected, for AzPM excellent yields of the final monoadduct were obtained using CBr4 
and catalyst loadings as low as 0.50 mol% (entries 2 and 12).  The corresponding 
molecular structure of the product in the case of methyl propiolate is shown in Figure 4.2.  
Sequential azide-alkyne [3+2] cycloaddition and ATRA also worked reasonably well for 
tri- and di-halogenated substrates using 1.0 mol% of the catalyst. Monohalogenated alkyl 
halide, 2-bromopropionitrile, yielded only 35 and 75% of the monoadduct in the case of 
phenylacetylene (entry 10) and methyl propiolate (entry 25), respectively. The decreased  
 
 
Figure 4.2. Molecular structure of (S)-monoadduct (12a) formed by the sequential azide-
alkyne [3+2] cycloaddition between azidopropyl methacylate and methyl propiolate 
followed by ATRA of CBr4 at 296 K, shown with 30% probability displacement 
ellipsoids.  H-atoms have been omitted for clarity. 
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Table 4.5. Crystal structure analysis data for methyl-1-(3-(2,4,4,4-tetrabromo-2-
methylbutanoyloxy)propyl)-1H-1,2,3-triazole-4-carboxylate (12a). 
Empirical formula C12H15Br4N3O4 
 
Formula weight 584.91 
Temperature 296(2) K 
Wavelength 0.71073 Å 
Crystal system, space group monoclinic, P 21/n 
Unit cell dimensions a=11.6637(4) Å, =90o 
b=6.0493(2) Å, =98.406(2)o 
c=26.2815(9) Å, =90o 
Volume 1834.43(11) Å
3
 
Z, Calculated density 4, 2.118 mg/m
3
 
Absorption coefficient 8.795 mm
-1
 
F(000) 1120 
Crystal size 0.320.090.05 mm 
 range for data collection 1.57 to 26.19o 
Limiting indices -14h14, -7k7, -32l32 
Reflections collected / unique 21440/3654 [R(int)=0.0426] 
Completeness to  99.0% 
Absorption correction semi-empirical from equivalents 
Max. and min. transmission 0.6930 and 0.1676 
Refinement method Full-matrix least-squares on F
2
 
Data / restraints / parameters 3654/0/210 
Goodness of fit on F
2
 1.363 
Final R indices [I>2(I)] R1=0.0587, wR2=0.1796 
R indices (all data) R1=0.0785, wR2=0.1947 
Largest diff. peak and hole 2.685 and -1.162 eÅ
-3
 
 
yield can be attributed to monoadduct reactivation resulting in the formation of 
oligomers/polymers.  Furthermore, as indicated in Table 4.4, the results for AzMVB were 
similar to AzPM.  Generally, with 1.0 mol% of the catalyst relative to azide, yields 
greater than 80% were obtained using CCl4 (entries 1 and 6).   Respectable yields of the 
monoadduct were still observed using trihalogenated alkyl halides (entries 4, 5, 9 and 10), 
but significantly decreased for dihalogenated ones (entries 13, 14 and 15).  Lastly, the 
monoadduct formed from the azide-alkyne [3+2] cycloaddition of methyl propiolate to 
AzMVB followed by sequential ATRA of 2-bromopropionitrile was attained in only 26% 
yield.  Certainly, from the point of view of further synthetic modifications of the resulting 
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sequential product such as conversion to a Grignard reagent, monohalogenated alkyl 
halides are of particular interest.  Future efforts in our laboratories are directed towards 
optimizing reaction conditions for such substrates and utilizing more active copper 
complexes. 
 
4.5 Summary and Conclusions 
 
In conclusion, we have reported the first examples of one-pot sequential reactions 
involving azide-alkyne [3+2] cycloaddition and atom transfer radical addition (ATRA).  
Both transformations were catalyzed by [Cu
II
(TPMA)X][X] (X=Br
-
 or Cl
-
) complexes in 
conjunction with ascorbic acid as the reducing agent.  Reactions with azidopropyl 
methacrylate and 1-(azidomethyl)-4-vinylbenzene in the presence of a variety of alkynes 
and alkyl halides proceeded efficiently to yield highly functionalized (poly)halogenated 
esters and aryls containing triazolyl group in the presence of as low as 0.5 mol% of the 
catalyst.  It is envisioned that the presented methodology could have further implications 
in organic synthesis of functionalized triazoles.  Such compounds have recently been 
identified as the lead targets for the screening of potential pharmaceutical drugs.  
Additionally, our methodology incorporates highly desirable halogen functionality, which 
is very versatile towards further organic transformations. 
 
4.6 Experimental 
 
4.6.1 General Procedures 
 
All alkynes (phenylacetylene, 3,4-difluorophenylacetylene, propargyl alcohol, 2-
methyl-3-butyn-2-ol, methyl propiolate and ethyl propiolate), 3-bromopropanol, 
methacryloyl chloride, and solvents (methanol, methylene chloride and pentane) were 
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purchased from commercial sources and used as received.  Tris(2-pyridylmethyl)amine,
49
 
azidopropyl methacrylate,
43
 1-(azidomethyl)-4-vinylbenzene,
50
 and [Cu
II
(TPMA)X][X] 
(X=Br
-
 or Cl
-
)
23,24
 were synthesized according to literature procedures.  
1
H NMR and 
13
C 
spectra were obtained using Bruker Avance 400 MHz and 500 MHz spectrometers. All 
chemical shifts are given in ppm relative to residual solvent peaks (
1
H =CDCl3, 7.26 
ppm; CD2Cl2, 5.32 ppm; 
13
C= CDCl3, 77.2 ppm; CD2Cl2, 54.0 ppm). 
4.6.2 Stock Solutions 
 
[Cu
II
(TPMA)Cl][Cl] solutions (0.04M, 0.02M and 0.01M) were prepared by 
dissolving the corresponding copper(II) complex in methanol using volumetric flasks to 
accommodate various catalyst loadings.  Azidopropyl methacrylate (320 µL, 2.0 mmol) 
was mixed with equimolar amount of the alkyne (2.0 mmol, V(phenylacetylene)=220 µL, 
V(3,4-difluorophenylacetylene)=240 µL, V(propargyl alcohol)=117 µL, V(2-methyl-3-
butyn-2-ol)=194 µL, V(methyl propopiolate)=179 µL) and V(ethyl propopiolate)=203 
µL)) and p-dimethoxybenzene added as internal standard (approximately 0.1 mol-% 
relative to azidopropyl methacrylate).  Methanol was then added in order to make each 
stock solution 3.3M in azidopropyl methacrylate. 
4.6.3 General Procedure for Azide-Alkyne [3+2] Cycloaddition Catalyzed by 
[Cu
II
(TPMA)Cl][Cl] in the Presence of Ascorbic Acid 
 
All reactions were performed in disposable 5.0 mm NMR tubes equipped with a 
plastic cap and Teflon tape.  In a typical experiment, 60 µL of the stock solution (0.2 
mmol azidopropyl methacrylate (AzPM) and 0.2 mmol alkyne) was added to the NMR 
tube, followed by the desired amount of the copper(II) catalyst (from 0.04M 
[Cu
II
(TPMA)Cl][Cl] and for [AzPM]0:[Cu
II
]0 =100:1 (V=50 µL), from 0.02M 
[Cu
II
(TPMA)Cl][Cl] and for [AzPM]0:[Cu
II
]0 = 200:1 (V= 50 µL), from 0.01M 
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[Cu
II
(TPMA)Cl][Cl] and for [AzPM]0:[Cu
II
]0 = 400:1 and 500:1 (V= 50 µL and 40 µL, 
respectively)) and 20-25 equivalents of 0.25 M ascorbic acid in methanol (relative to 
[Cu
II
(TPMA)Cl][Cl]).  Methanol was then added in order to maintain constant volume 
and total concentration of 0.50M in azidopropyl methacrylate.  Each reaction mixture was 
immediately flushed with argon for at least 30 seconds and immersed in an oil bath 
thermostated at 60 
o
C.  The percent yield of the expected triazole was obtained using 
1
H 
NMR spectroscopy relative to the internal standard.  If necessary, solvent was partially 
evaporated prior to 
1
H NMR analysis. 
4.6.4 General Procedure for Sequential Azide-Alkyne [3+2] Cycloaddition-Atom 
Transfer Radical Addition Catalyzed by [Cu
II
(TPMA)Cl][Cl] in the Presence 
of Ascorbic Acid 
 
The first step was performed as explained above. After the completion of azide-
alkyne [3+2] cycloaddition, the reaction mixture was taken into the dry box (<1.0 ppm O2 
and <0.5 ppm H2O) and carbon tetrachloride (24 µL, 2.5 mmol, 1.25 eq relative to 
AzPM) or (poly)halogenated alkyl halide (4.0 mmol, 2.0 eq. relative to AzPM) added.  
The NMR tube was then capped and sealed with Teflon tape and immersed in an oil bath 
thermostated at  60 
o
C.  The percent yield of the expected triazolyl halogenated alkyl 
ester was obtained using 
1
H NMR spectroscopy relative to the internal standard. If 
necessary, solvent was partially evaporated prior to 
1
H NMR analysis. 
4.6.5 X-ray Crystal Structure Determination 
 
The X-ray intensity data were collected at 150K using graphite-monochromated 
Mo-K radiation (0.71073 Å) with a Bruker Smart Apex II CCD diffractometer.  Data 
reduction included absorption corrections by the multi-scan method using SADABS.
51
  
Structures were solved by direct methods and refined by full matrix least squares using 
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SHELXTL 6.1 bundled software package.
52
  The H-atoms were positioned geometrically 
(aromatic C-H 0.93, methylene C-H 0.97, and methyl C-H 0.96) and treated as riding 
atoms during subsequent refinement, with Uiso(H) = 1.2Ueq(C) or 1.5Ueq(methyl C).  The 
methyl groups were allowed to rotate about their local threefold axes. ORTEP-3 for 
windows
53
 and Crystal Maker 7.2 were used to generate molecular graphics.   
4.6.6 Product Characterization 
 
3-(4-phenyl-1H-1,2,3-triazol-1-yl)propyl methacrylate (1). 
1
H NMR (500 MHz, 
CDCl3, 25 
o
C): δ7.82-7.80 (m, 2H,), δ7.77 (s, 1H), δ7.41 (t, J = 7.5 Hz, 2H,), δ7.32 (t, J= 
7.5 Hz, 1H), δ6.10 (s, 1H), δ5.60(s, 1H,) δ4.53 (t, J = 7.0 Hz, 2H), δ4.24 (t, J = 7.0 Hz, 
2H), δ4.02 (d, J = 15 Hz, 1H), δ3.50 (d, J = 15 Hz, 1H), δ2.36 (quintet, J = 6.0 Hz, 2H), 
1.94 (s, 3H).  
13
C NMR (100 MHz, CDCl3, 25 
o
C): δ 167.19, 147.94, 135.95, 130.52, 
128.87, 128.23, 126.10, 125.75, 119.79, 61.25, 47.39, 29.58, 18.33. 
3-(4-(3,4-difluorophenyl)-1H-1,2,3-triazol-1-yl)propyl methacrylate (2).  
 1
H NMR 
(500 MHz, CDCl3, 25 
o
C): δ7.75(s, 1H), δ7.67-7.62 (m, 1H), δ7.52-7.49 (m, 1H), δ7.19 
(q, J = 10 Hz, 1H), δ6.10 (s, 1H), δ5.60 (s, 1H), δ4.51 (t, J = 7.0 Hz, 2H), δ4.23 (t, J = 6.0 
Hz, 1H), δ2.38-2.30 (m, 2H), δ1.93 (s, 3H).  13C NMR (100 MHz, CDCl3, 25 
o
C): 
δ167.18, 151.74, 149.27, 146.08, 135.92, 126.13, 121.78, 119.98, 117.79, 114.48, 61.16, 
47.5, 29.34, 18.32. 
3-(4-(hydroxymethyl)-1H-1,2,3-triazol-1-yl)propyl methacrylate (3).  
1
H NMR (500 
MHz; CDCl3): δ7.58 (s, 1H), δ6.13 (s, 1H), δ5.63 (s, 1H), δ4.83 (s, 2H), δ4.50 (t, J = 7.0 
Hz, 2H), δ4.20 (t, J = 6.0 Hz, 2H), δ2.38-2.32 (m, 2H), δ1.97 (s, 3H).  13C NMR (100 
MHz, CDCl3, 25 
o
C): δ161.13, 140.23, 136.00, 127.79, 126.21,  60.85,  52.39,  47.63, 
29.10, 18.26.   
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3-(4-(2-hydroxypropan-2-yl)-1H-1,2,3-triazol-1-yl)propyl methacrylate (4). 
1
H NMR 
(400 MHz, CDCl3, 25 
o
C): δ7.49 (s, 1H), δ6.11 (s, 1H), δ5.60  
 (s, 1H), δ4.46 (t, J = 7.0 Hz, 2H), δ4.20 (t, J = 6.0 Hz, 2H), δ2.35-2.29 (m, 2H), δ1.95 (s, 
3H) δ1.64 (s, 6H).  13C NMR (100 MHz, CDCl3, 25 
o
C): δ167.32, 15.79, 135.95, 127.79, 
126.03, 119.59, 68.38, 61.41, 47.19, 30.57, 29.50, 18.23. 
methyl 1-(3-(methacryloyloxy)propyl)-1H-1,2,3-triazole-4-carboxylate (5). 
1
H NMR 
(500 MHz, CDCl3, 25 
o
C): δ8.11 (s, 1H), δ6.08 (s, 1H), δ5.60 (s, 1H), δ4.52 (t, J = 7.0 
Hz, 2H), δ4.20 (t, J = 6.0 Hz, 2H), δ3.95 (s, 3H), δ2.37-2.31 (m, 2H), δ1.93 (s, 3H).  13C 
NMR (100 MHz, CDCl3, 25 
o
C): δ173.03, 167.22, 147.64, 136.26, 126.21, 121.97, 61.38, 
56.62, 47.36, 29.63,  18.26. 
ethyl 1-(3-(methacryloyloxy)propyl)-1H-1,2,3-triazole-4-carboxylate (6). 
1
H NMR 
(400 MHz, CDCl3, 25 
o
C): δ8.11 (s, 1H), δ6.07 (s, 1H), δ5.59 (s, 1H), δ4.52 (t, J = 7.0 
Hz, 2H), δ4.41 (q, J = 7.1 Hz, 3H), δ4.20 (t, J = 6.0 Hz, 2H), δ2.37-2.31 (m, 2H), δ1.92 
(s, 3H) ,δ1.39 (t, J= 7.1 Hz, 2H).  13C NMR (100 MHz, CDCl3, 25 
o
C): δ167.01 160.68, 
140.36, 135.84, 127.65, 126.17, 61.35, 60.96, 47.71, 29.42, 18.29, 14.32. 
3-(4-phenyl-1H-1,2,3-triazol-1-yl)propyl 2,4,4,4-tetrachloro-2-methylbutanoate  (1a).  
Isolated yield=620 mg (91%).  
1
H NMR (500 MHz, CDCl3, 25 
o
C): δ7.82-7.80 (m, 2H), 
δ7.77 (s, 1H), δ7.43-7.40 (m, 2H), δ7.34-7.31 (m, 1H), δ4.53 (t, J = 7.0 Hz, 2H), δ4.36-
4.32 (m, 1H), δ4.27-4.22 (m, 1H), δ4.02 (d, J = 15 Hz, 1H), δ3.50 (d, J = 15 Hz, 1H), 
δ2.36 (quintet, J = 6.5 Hz, 2H), δ1.94 (s, 3H).  13C NMR (100 MHz, CDCl3, 25 
o
C): δ 
169.33, 130.44, 128.92, 128.32, 125.81, 119.99, 94.59, 64.76, 63.10, 62.18, 46.90, 29.17, 
26.13. 
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3-(4-(3,4-difluorophenyl)-1H-1,2,3-triazol-1-yl)propyl-2,4,4,4-tetrachloro-2-
methylbutanoate (2a).  
1
H NMR (500 MHz, CD2Cl2, 25 
o
C): δ7.80 (s, 1H), δ7.69 (ddd, J 
= 11.5 Hz, 7.7 Hz, 2.1 Hz, 1H), δ7.56-7.53 (m, 1H,), δ7.25 (dt, J = 10.3 Hz, 8.4 Hz, 1H), 
δ4.53 (t, J = 6.9 Hz, 2H), δ4.30 (m, 1H), δ4.24 (m, 1H), δ3.99 (d, J = 15.4 Hz, 1H), δ3.53 
(d, J = 15.4 Hz, 1H), δ2.39 (quintuplet, J = 6.5 Hz, 2H), δ2.02 (s, 3H).  13C NMR (100 
MHz, CD2Cl2, 25 
o
C): δ169.33, 121.83, 121.76, 121.71, 117.82, 117.63, 114.66, 114.47, 
94.67, 64.82, 63.24, 61.91,  47.10, 26.10,  26.19. 
3-(4-(hydroxymethyl)-1H-1,2,3-triazol-1-yl)propyl-2,4,4,4-tetrachloro-2-
methylbutanoate (3a). Isolated yield=550 mg (86%).
1
H NMR (500 MHz, CDCl3, 25 
o
C): δ7.59 (s, 1H), δ4.82 (s, 2H), δ4.50 (t, J = 7.0 Hz, 2H), δ4.32 (dt, J = 11.6 Hz, 5.9 Hz, 
1H), δ4.23 (dt, J = 11.6 Hz, 5.8 Hz, 1H), δ4.34-4.3(m, 1H), δ4.25-4.2(m, 1H), δ4.02 (d, J 
= 15.4 Hz, 1H), δ3.52 (d, J = 15.4 Hz, 1H), δ2.39 (quintet, J = 6.4 Hz, 2H), δ2.05 (s, 3H).  
13
C NMR (100 MHz, CDCl3, 25 
o
C): δ169.60, 148.17, 121.20, 94.72, 64.82, 62.97, 47.10, 
29.37, 26.46. 
3-(4-(2-hydroxypropan-2-yl)-1H-1,2,3-triazol-1-yl)propyl 2,4,4,4-tetrachloro-2-
methylbutanoate (4a).  
1
H NMR (500 MHz, CDCl3, 25 
o
C): δ8.11 (s, 1H), δ4.56 (t, J = 
7.0 Hz, 2H), δ4.35-4.31(m, 1H), δ4.26-4.22(m, 1H), δ4.02 (d, J = 15.4 Hz, 1H), δ3.12 (d, 
J = 15.4 Hz, 1H), δ2.72 (s, 3H), δ2.41 (quintet, J = 6.4 Hz, 2H), δ2.05 (s, 3H).  13C NMR 
(100 MHz, CDCl3, 25 
o
C): δ169.47, 148.29, 125.76, 94.39, 64.62, 62.75, 62.75, 47.20, 
28.96, 27.35, 26.28. 
methyl-1-(3-(2,4,4,4-tetrachloro-2-methylbutanoyloxy)propyl)-1H-1,2,3-triazole-4-
carboxylate (5a).  
1
H NMR (500 MHz, CDCl3, 25 
o
C): δ8.15 (s, 1H), δ4.57 (t, J = 7.0 
Hz, 2H), δ4.36-4.3(m, 1H), δ4.26-4.20 (m, 1H), δ4.01 (d, J = 15.4 Hz, 1H), δ3.98 (s, 3H), 
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δ3.52 (d, J = 15.4 Hz, 1H), δ2.43 (quintet, J = 6.4 Hz, 2H), δ2.05 (s, 3H).  13C NMR (100 
MHz, CDCl3, 25 
o
C): δ169.33, 161.13, 140.23, 94.19, 64.56, 62.71, 62.13, 52.39, 47.36, 
29.10, 26.19. 
ethyl-1-(3-(2,4,4,4-tetrachloro-2-methylbutanoyloxy)propyl)-1H-1,2,3-triazole-4-
carboxylate (6a).  Isolated yield=610 mg (89%). 
 1
H NMR (400 MHz, CDCl3, 25 
o
C): 
δ8.11 (s, 1H), δ4.55 (t, J = 6.9 Hz, 2H), δ4.43 (q, J = 7.1 Hz, 3H), δ4.33-4.3 (m, 1H), 
δ4.26-4.17 (m, 1H), δ3.99 (d, J = 15.4 Hz, 1H), δ3.49 (d, J = 15.4 Hz , 1H), δ2.43-2.37 
(m, 2H), δ2.02 (s, 3H), δ1.41 (t, J = 7.1 Hz, 2H).  13C NMR (100 MHz, CDCl3, 25 
o
C): δ 
169.38, 160.63, 140.46, 127.77, 94.48, 64.70, 62.74, 62.14, 61.41, 47.28, 29.01, 26.19, 
14.34. 
3-(4-phenyl-1H-1,2,3-triazol-1-yl)propyl 2,4,4,4-tetrabromo-2-methylbutanoate (7a).  
Isolated yield=870 mg (90%).  
1
H NMR (400 MHz, CDCl3, 25 
o
C): δ7.85 (d, J = 8.2 Hz, 
2H), δ7.84 (s, 1H), δ7.45 (t, J = 7.4 Hz, 3H), δ7.36 (t, J = 7.4 Hz, 1H), δ4.73 (d, J = 15.6 
Hz, 1H), δ4.59 (t, J = 6.8 Hz, 3H), δ4.42-4.36 (m, 1H), δ4.30-4.24 (s, 1H), δ3.99 (d, J = 
15.6 Hz, 1H), δ2.45 (quintuplet, J = 6.4 Hz, 3H), δ2.33 (s, 3H).  13C NMR (100 MHz, 
CDCl3, 25 
o
C): δ 169.8, 147.9, 130.4, 128.9, 128.3, 125.8, 65.8, 62.9, 57.8, 47.0, 31.2, 
29.1, 26.0. 
1-ethyl 5-(3-(4-phenyl-1H-1,2,3-triazol-1-yl)propyl) 2,2,4-trichloro-4-
methylpentanedioate (8a). 
1
H NMR (400 MHz, CDCl3, 25 
o
C): δ7.85 (d, J = 8.2 Hz, 
2H), δ7.84 (s, 1H), ), δ7.45 (t, J = 7.4 Hz, 3H), δ7.36 (t, J = 7.4 Hz, 1H), δ4.56 (t, J = 7 
Hz, 2H), δ4.36 (q, J = 7 Hz, 2H), δ4.29-4.23 (m, 2H), δ3.61 (d, J = 15.2 Hz, 1H), δ3.47 
(d, J = 15.2 Hz, 1H), δ2.45-2.35 (m, 2H), 1.86 (s, 3H), δ1.41 (t, J = 15.2 Hz, 1H). 13C 
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NMR (100 MHz, CDCl3, 25 
o
C): δ170.0, 165.3, 147.8, 130.5, 128.9, 128.2, 125.7, 120.2 
80.9, 65.3, 64.4, 63.3, 53.8, 53.3, 48.0, 29.1, 27.8, 13.7. 
5-ethyl 1-(3-(4-phenyl-1H-1,2,3-triazol-1-yl)propyl) 2,4-dichloro-2-
methylpentanedioate (9a). 
1
H NMR (400 MHz, CDCl3, 25 
o
C , approx. 50/50 mixture of 
diastereomers): δ7.85 (d, J = 8.2 Hz, 2H), δ7.84 (s, 1H), ), δ7.42 (t, J = 7.4 Hz, 3H), 
δ7.33 (t, J = 7.4 Hz, 1H), δ4.57-4.51 (m, 1H), δ4.54 (t, J = 7 Hz, 2H), δ4.33 (q, J = 7.2 
Hz, 2H), δ4.26-4.19 (m, 2H), δ3.01-2.96 (m, 1H), δ2.85-2.74 (m, 1H), δ2.68-2.63 (m, 
1H), δ2.40-2.33 (m, 2H), δ1.84 (s, 3H), δ1.82 (s, 3H), δ1.30 (t, J = 15.2 Hz, 2H). 13C 
NMR (101 MHz, CDCl3, 25 
o
C): δ169.9, 169.3, 147.7, 130.5, 128.8, 128.2, 125.7, 120.1,  
66.7, 63.5, 53.3, 52.5, 48.0, 45.8, 29.3, 29.1, 13.9. 
3-(4-phenyl-1H-1,2,3-triazol-1-yl)propyl 2,4-dichloro-4-cyano-2-methylbutanoate 
(10a).  
1
H NMR (400 MHz, CDCl3, 25 
o
C , approx. 50/50 mixture of diastereomers): 
δ7.84 (d, J = 6.0 Hz, 2H), δ7.82 (s, 1H), δ7.47-7.43 (m, 2H), δ7.39-7.34 (m, 1H), δ4.86-
4.79 (m, 1H), δ4.62-4.55 (m, 1H), δ4.38-4.28 (m, 1H), δ3.04 (ddd, J = 14.8 Hz, 8.8 Hz, 
0.6 Hz, ), δ2.95-2.89 (m, 1H), δ2.83-2.78 (m, 1H), δ2.68-2.63 (m, 1H), δ2.46-2.39 (m, 
2H), δ1.90 (s, 3H) δ1.89 (s, 3H).  13C NMR (101 MHz, CDCl3, 25 
o
C): δ 169.5, 148, 
130.4, 128.9, 128.3, 125.7, 120, 116.6, 65.9, 63.8, 47.6, 38.7, 29, 28.8. 
methyl 1-(3-(2-bromo-4-cyano-2-methylpentanoyloxy)propyl)-1H-1,2,3-triazole-4-
carboxylate  (11a).  
1
H NMR (400 MHz, CDCl3, 25 
o
C , approx. 50/50 mixture of 
diastereomers): δ8.12 (s, 1H), δ8.19 (s, 1H), δ4.6 (t, J = 7.0 Hz, 2H), δ4.34-4.21 (m, 2H), 
δ3.97 (s, 3H), δ3.83 (s, 3H), δ2.95-2.88 (m, 1H), δ2.65-2.55 (m, 1H), δ2.59-2.55 (m, 1H), 
δ2.70-2.63 (m, 1H), δ2.45-2.39 (m, 1H), δ2.36-2.61 (m, 1H), δ2.07 (s, 3H), δ2.04 (s, 3H), 
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δ1.46 (d, J = 7.1 Hz, 3H), δ 1.43 (d, J = 7.1 Hz, 3H).  13C NMR (101 MHz, CDCl3, 25 
o
C): δ170.3, 161.3, 140.0, 128.1, 114.7, 63.0, 55.8, 46.5, 45.3, 29.7, 27.2,  21.0, 19.5. 
methyl 1-(3-(2,4,4,4-tetrabromo-2-methylbutanoyloxy)propyl)-1H-1,2,3-triazole-4-
carboxylate (12a).  Isolated yield=850 mg (86%).  
1
H NMR (400 MHz, CDCl3, 25 
o
C): 
δ8.18 (s, 1H), δ4.68 (d, J = 15.5 Hz, 1H), δ4.59 (t, J = 6.9 Hz, 2H), δ4.37-4.31 (m, 1H), 
δ4.25-4.19 (m, 1H), δ3.97 (d, J = 15.6 Hz, 1H), δ3.96 (s, 3H), δ2.43 (quintet, J = 6.4 Hz, 
2H), δ2.30 (s, 3H).  13C-NMR (101 MHz, CDCl3, 25 
o
C): δ 25.99, 29.00, 31.06, 47.40, 
52.33, 57.69, 62.59, 65.79, 127.92, 161.06, 169.84. 
1-ethyl 5-(3-(4-(methoxycarbonyl)-1H-1,2,3-triazol-1-yl)propyl) 2,2,4-trichloro-4-
methylpentanedioate (13a).  
1
H NMR (400 MHz, CDCl3, 25 
o
C): δ8.18 (s, 1H), δ4.58 (t, 
J = 6.9 Hz, 2H), δ4.38 (q, J = 7.1 Hz, 2H), δ4.29-4.21 (m, 2H), δ3.97 (s, 3H), δ3.61 (d, J 
= 15.2 Hz, 1H), δ3.47 (d, J = 15.2 Hz, 1H), δ2.45-2.38 (quintuplet, J = 6.2 Hz, 2H), δ1.86 
(s, 3H), δ1.39 (t, J = 15.2 Hz, 1H).  13C NMR (101 MHz, CDCl3, 25 
o
C): δ170.1, 165.3, 
161.2, 140.12, 127.8, 80.7, 65.4, 64.3, 62.6, 53.3, 52.3, 47.3, 29.1, 27.6, 13.3. 
5-(3-(4-(methoxycarbonyl)-1H-1,2,3-triazol-1-yl)propyl) 1-methyl 2,2,4-trichloro-4-
methylpentanedioate  (14a). 
1
H NMR (400 MHz, CDCl3, 25 
o
C): δ8.20 (s, 1H), δ 4.57 
(t, J = 6.9 Hz, 2H), δ4.28-4.22 (m, 2H), δ3.95 (s, 3H), δ3.56 (d, J = 15.0 Hz, 1H) δ3.44 
(d, J = 15.0 Hz, 1H), δ2.39 (quintuplet, J = 6.2 Hz, 2H), 1.82 (s, 3H). 
5-ethyl 1-(3-(4-(methoxycarbonyl)-1H-1,2,3-triazol-1-yl)propyl) 2,4-dichloro-2-
methylpentanedioate (15a). Isolated yield=670 mg (73%).  
1
H NMR (500 MHz, CDCl3, 
25 
o
C , approx. 50/50 mixture of diastereomers): δ8.02 (s, 1H), δ8.16 (s, 1H), δ4.86-4.79 
(m, 1H), δ4.57-4.54 (m, 1H), δ4.58  (t, J = 7.0 Hz, 2H), δ4.27-4.16 (m, 2H), δ3.95 (s, 
3H), δ2.96 (dd, J = 15.1 Hz, 6.9 Hz, 1H), δ2.78 (qd, J = 16.4 Hz, 6.6 Hz, 1H), δ2.65 (dd, 
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J = 15.1 Hz, 6.2 Hz, 1H), δ2.41-2.35 (m, 2H), δ1.84 (s, 1H), δ1.81 (s, 1H), δ1.31 (t, , J = 
7.2 Hz, 3H).  
13
C NMR (101 MHz, CDCl3, 25 
o
C): δ170.0, 168.9, 161.1, 140.0, 128.0, 
66.7, 66.1, 62.6, 52.6, 52.3, 47.3, 45.8, 29.0, 27.7, 13.9. 
1-(3-(4-(methoxycarbonyl)-1H-1,2,3-triazol-1-yl)propyl) 5-methyl 2,4-dichloro-2-
methylpentanedioate (16a).  
1
H NMR (500 MHz, CDCl3, 25 
o
C, approx. 50/50 mixture 
of diastereomers): δ8.20 (s, 1H), δ8.19 (s, 1H), δ4.54-4.61 (m, 2H), δ4.25-4.18 (m, 1H), 
δ4.27-4.16 (m, 2H), δ3.95 (s, 3H), δ3.82 (s, 3H), δ3.81 (s, 3H), δ2.99 (dd, J = 15.1 Hz, 
7.0 Hz, 1H), δ2.80 (qd, J = 13.8 Hz, 6.6 Hz, 2H), δ2.65 (dd, J = 15.1 Hz, 6.1 Hz, 1H), 
δ2.43-2.36 (m, 2H), δ1.85 (s, 1H), δ1.83 (s, 1H).  13C NMR (101 MHz, CDCl3, 25 
o
C): 
δ169.9, 169.4, 161.1, 140.0 128.1, 66.7, 66.1, 62.8, 62.7, 53.4, 52.9, 52.3, 47.3, 46.2, 
46.0, 29.4, 28.9, 27.8. 
methyl 1-(3-(2,4-dichloro-4-cyano-2-methylbutanoyloxy)propyl)-1H-1,2,3-triazole-4-
carboxylate  (17a).  
1
H NMR (400 MHz; CDCl3, 25 
o
C , approx. 50/50 mixture of 
diastereomers): δ8.18 (s, 1H), δ8.16 (s, 1H), δ4.87-4.79 (m, 1H), δ4.58 (t, J = 7.0 Hz, 
2H), δ4.30-4.23 (m, 2H), δ3.97 (s, 3H), δ3.83 (s, 3H), δ3.07-3.01 (m, 1H), δ2.94-2.88 (m, 
1H), δ2.83-2.78 (m, 1H), δ2.70-2.63 (m, 1H), δ2.48-2.39 (m, 2H), δ 1.90 (s, 3H), δ1.89 
(s, 3H).  
13
C NMR (101 MHz, CDCl3, 25 
o
C): δ169.5, 140.2, 127.6, 116.1, 66.0, 63.7, 
58.6, 52.2, 47.2, 38.3, 32.3, 29.3, 28.9. 
methyl 1-(3-(2-bromo-4-cyano-2-methylpentanoyloxy)propyl)-1H-1,2,3-triazole-4-
carboxylate (18a).  
1
H NMR (400 MHz, CDCl3, 25 
o
C, approx. 50/50 mixture of 
diastereomers): δ8.12 (s, 1H), δ8.19 (s, 1H), δ4.60 (t, J = 7.0 Hz, 2H), δ4.34-4.21 (m, 
2H), δ3.97 (s, 3H), δ3.83 (s, 3H), δ2.95-2.88 (m, 1H), δ2.65-2.55 (m, 1H), δ2.59-2.55 (m, 
1H), δ2.70-2.63 (m, 1H), δ2.45-2.39 (m, 1H), δ2.35-2.61 (m, 1H), δ2.07 (s, 3H), δ2.04 (s, 
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3H), δ1.46 (d, J = 7.1 Hz, 3H), δ1.43 (d, J = 7.1 Hz, 3H).  13C NMR (101 MHz, CDCl3, 
25 
o
C): δ170.3, 161.3, 140.0, 128.1, 114.7, 63.0, 55.8, 46.5, 45.3, 29.7, 27.2,  21.0, 19.5. 
4-phenyl-1-(4-(1,3,3,3-tetrachloropropyl)benzyl)-1H-1,2,3-triazole (19a). Isolated 
yield=600 mg (86%).
1
H NMR (400 MHz, CDCl3, 25 
o
C): δ7.83 (d J = 7.2 Hz, 2H), δ7.47 
(d, J = 8.0 Hz, 2H), δ7.44-7.41 (m, 2H), δ7.36-7.32 (m, 1H), δ7.33 (d J = 8.0 Hz, 2H), 
δ5.59 (s, 2H), δ5.31 (dd, J = 6.3 Hz, 5.6 Hz, 1H), δ3.63 (dd, J = 15.3 Hz, 5.3 Hz, 1H), 
δ3.52 (dd, J = 15.3 Hz, 6.5 Hz, 1H).  13C NMR (101 MHz, CDCl3, 25 
o
C): δ148.3, 140.9, 
135.6, 130.5, 128.9, 128.50, 128.31, 128.25, 125.7, 119.8, 96.1, 62.5, 57.7, 53.6. 
ethyl 2,2,4-trichloro-4-(4-((4-phenyl-1H-1,2,3-triazol-1-yl)methyl)phenyl)butanoate 
(20a).  
1
H NMR (400 MHz, CDCl3, 25 
o
C): δ8.05 (s, 1H), δ7.46 (d, J = 8.2 Hz, 2H), 
δ7.32 (d, J = 8.2 Hz, 2H), δ5.60 (d, J = 4.2 Hz, 2H), δ5.26-5.22 (m, 1H), δ4.35 (q, J = 7.2 
Hz, 2H), δ3.44 (dd, J = 15.0 Hz, 7.2 Hz, 1H), δ3.20 (dd, J = 15.0 Hz, 6.0 Hz, 1H), δ1.27 
(t, J = 7.2 Hz, 3H).  
13
C NMR (101 MHz, CDCl3, 25 
o
C): δ165.5, 148.3, 140.2, 135.7, 
130.4, 128.9, 128.7, 128.4, 128.2, 125.6, 81.9, 64.1, 57.8, 54.5, 53.7, 13.8. 
methyl 2,2,4-trichloro-4-(4-((4-phenyl-1H-1,2,3-triazol-1- 
yl)methyl)phenyl)butanoate (21a).  
1
H NMR (400 MHz, CDCl3, 25 
o
C): δ7.81 (d, J = 
7.2, 2H), δ7.79 (s, 1H), δ7.42-7.38 (m, 4H), δ7.35-7.28 (m, 3H), δ5.55 (s, 2H), δ5.22 (dd, 
J = 7.5 Hz, 6.0 Hz, 1H), δ3.87 (s, 3H), δ3.42 (dd, J = 15.0 Hz, 7.6 Hz, 1H), δ3.17 (dd, J = 
15.0 Hz, 5.9 Hz, 1H).  
13
C NMR (101 MHz, CDCl3, 25 
o
C): δ165.5, 148.3, 140.2, 135.7, 
130.4, 128.4, 128.3, 128.2, 125.7, 81.9, 57.8, 54.5, 53.9, 53.8. 
methyl 1-(4-(1,3,3,3-tetrachloropropyl)benzyl)-1H-1,2,3-triazole-4-carboxylate (22a). 
Isolated yield=570 mg (90%).
1
H NMR (400 MHz, CDCl3, 25 
o
C): δ8.04 (s, 1H), δ7.49-
7.45 (m, 2H), δ7.31 (d, J = 8.2 Hz, 2H), δ5.60 (s, 2H), δ5.30-5.27 (m, 1H), δ3.93 (s, 3H), 
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δ3.60 (dd, J = 15.3 Hz, 5.3 Hz, 1H), δ3.50 (dd, J = 15.3, 6.6 Hz, 1H).  13C NMR (101 
MHz, CDCl3, 25 
o
C): δ161.0, 141.4, 134.6, 128.7, 128.4, 127.5, 96.0, 62.5, 57.5, 53.9, 
52.3. 
methyl 1-(4-(1,3,3-trichloro-4-ethoxy-4-oxobutyl)benzyl)-1H-1,2,3-triazole-4- 
carboxylate (23a). 
1
H NMR (400 MHz, CDCl3, 25 
o
C): δ8.05 (s, 1H), δ7.46 (d, J = 8.2 
Hz, 2H), δ7.32 (d, J = 8.2 Hz, 2H), δ5.60 (d, J = 4.2 Hz, 2H), δ5.26-5.22 (m, 1H), δ4.19-
4.07 (m, 2H), δ3.95-3.94 (m, 3H), δ3.43 (dd, J = 15.0 Hz, 7.6 Hz, 1H), δ3.17 (dd, J = 
15.0 Hz, 5.8 Hz, 1H), δ1.30 (t, J = 7.1 Hz, 3H).  13C NMR (101 MHz, CDCl3, 25 
o
C): 
δ165.5, 161.0, 140.8, 140.4, 134.5, 128.6, 128.4, 127.5, 81.8, 57.7, 54.5, 53.95, 53.80, 
52.3, 13.7. 
methyl 1-(4-(1,3,3-trichloro-4-methoxy-4-oxobutyl)benzyl)-1H-1,2,3-triazole-4- 
carboxylate (24a).  Isolated yield=610 mg (84%).
1
H NMR (400 MHz, CDCl3, 25 
o
C): 
δ8.04 (s, 1H), δ 7.45 (d, J = 8.2 Hz, 2H), δ7.31 (d, J = 8.2 Hz, 2H), δ5.60 (s, 2H), δ5.23 
(dd, J = 7.6 Hz, 5.8 Hz, 1H), δ3.94 (s, 3H), δ3.72 (s, 3H), δ3.43 (dd, J = 15.0, Hz 7.7 Hz, 
1H), δ3.17 (dd, J = 15.0 Hz, 5.8 Hz, 1H).  13C NMR (101 MHz, CDCl3, 25 
o
C): δ165.5, 
161.0, 134.5, 128.7, 128.4, 127.5, 81.8, 57.7, 54.5, 53.8, 52.3. 
methyl 1-(4-(1,3-dichloro-4-ethoxy-4-oxobutyl)benzyl)-1H-1,2,3-triazole-4- 
carboxylate (25a). 
1
H NMR (400 MHz, CDCl3, 25 
o
C, approx. 50/50 mixture of 
diastereomers): δ8.04 (s, 1H), δ8.01 (s, 1H), δ7.44 (d, J = 8.2 Hz, 2H), δ7.23 (d, J = 8.2 
Hz, 2H), δ5.61 (s, 2H), δ4.68 (dd, J = 17.0 Hz, 3.7 Hz, 1H), δ4.33 (q, J = 7.2 Hz, 2H), 
δ4.28-4.2 (m, 1H), δ4.14 (dd, J = 17.0, 6.0 Hz, 1H), δ3.93 (s, 3H), δ3.90 (s, 3H), δ2.79-
2.67 (m, 2H), δ1.36 (t, J = 7.4 Hz, 3H). 
methyl 1-(4-(1,3-dichloro-4-methoxy-4-oxobutyl)benzyl)-1H-1,2,3-triazole-4- 
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carboxylate (26a). 
1
H NMR (400 MHz, CDCl3, 25 
o
C, approx. 50/50 mixture of 
diastereomers): δ8.06 (s, 1H), δ8.03 (s, 1H), δ7.37 (d, J = 8.2 Hz, 2H), δ7.25 (d, J = 8.2 
Hz, 2H), δ5.53 (s, 2H), δ4.68 (dd, J = 17.0 Hz, 3.7 Hz, 1H), δ4.33 (q, J = 7.2 Hz, 2H), 
δ4.28-4.20 (m, 1H), δ4.14 (dd, J = 17.0 Hz, 6.0 Hz, 1H), δ3.93 (s, 3H), δ3.90 (s, 3H), 
δ2.79-2.67 (m, 2H), δ1.36 (t, J = 7.4 Hz, 3H). 
methyl 1-(4-(1,3-dichloro-3-cyanopropyl)benzyl)-1H-1,2,3-triazole-4-carboxylate  
(27a). 
1
H NMR (400 MHz, CDCl3, 25 
o
C, approx. 50/50 mixture of diastereomers): δ8.05 
(s, 1H), δ8.04 (s, 1H), δ7.41 (d, J = 8.2 Hz, 2H), δ7.31 (d, J = 8.2 Hz, 2H), δ5.58 (s, 2H), 
δ4.75 (dd, J = 10.0 Hz, 4.4 Hz, 1H), δ4.54-4.50 (m, 1H), δ3.86 (s, 3H), δ2.81-2.73 (m, 
1H), δ2.69-2.63 (m, 1H), δ2.60-2.52 (m, 1H). 
methyl 1-(4-(1,3,3-trichloropropyl)benzyl)-1H-1,2,3-triazole-4-carboxylate (28a).  
1
H 
NMR (400 MHz, CDCl3, 25 
o
C, approx. 50/50 mixture of enantiomers): δ8.04 (s, 1H), 
δ8.00 (s, 1H), δ7.46 (d, J = 8.2 Hz, 2H), δ7.33 (d, J = 8.2 Hz, 2H), δ6.72 (dd, J = 17.6 
Hz, 10.9 Hz, 1H), δ5.84-5.81 (m, 1H), δ5.61 (s, 2H), δ5.58 (s, 2H), δ5.09 (dd, J = 9.6 Hz, 
4.8 Hz, 1H), δ3.95 (s, 3H), δ3.94 (s, 3H), δ2.96 (ddd, J = 14.6 Hz, 9.7 Hz, 4.8 Hz, 1H), 
δ2.76 (ddd, J = 14.7 Hz, 8.5 Hz, 4.8 Hz, 1H).  13C NMR (101 MHz, CDCl3, 25 
o
C): 
δ161.2, 140.5, 135.8, 134.7, 128.9, 128, 127.1, 70.1, 58.6, 57, 54.3, 52.3. 
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Chapter 5  
Synthesis of Functionalized Polytriazoles via Single-Pot 
Sequential Copper-Catalyzed [3+2] Azide-Alkyne 
Cycloaddition and Atom Transfer Radical Addition 
(ATRA) in the Presence of Ascorbic Acid as a Reducing 
Agent 
 
 
Reproduced in part with permission from Ricardo, C. L.; Pintauer, T. Israel J. Chem. 
2011, accepted. 
 
As a continuing effort of expanding the scope of catalyst regeneration in the 
presence of environmentally benign reducing agents, one-pot sequential azide-alkyne 
[3+2] cycloaddition and atom transfer radical addition (ATRA) reactions were performed 
via in situ reduction of copper(II) by ascorbic acid.  The formation of functionalized 
triazoles was achieved utilizing a ligand-free catalytic system for the cycloaddition 
between tripropargylamine and vinylbenzyl azide and subsequent addition of tris(2-
pyridyl)methylamine (TPMA) ligand in the ATRA step.  With this strategy, reactions 
with carbon tetrachloride and carbon tetrabromide proceeded efficiently providing the 
desired triazoles in nearly quantitative yields (>90%) using 10 mol-% of copper. 
Sequential azide-alkyne [3+2] cycloaddition and ATRA reactions were also extended to 
less active alkyl halides such as methyl trichloroacetate, methyl dichloroacetate and 
dichloroacetonitrile. The corresponding products were obtained in modest yields (50-
80%). The presented methodology enables efficient synthesis of functionalized 
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polytriazoles, which could have a potential use as chelating agents for a variety of 
transition metals. 
5.1 Introduction 
The term, ―click chemistry‖ coined in 2001 serves as a guiding principle in the 
synthesis of compounds with desired functionality using ―near perfect‖ reaction 
conditions.
1
 Typically, reactions classified under the click chemistry umbrella are defined 
by stringent set of criteria and among them, copper-catalyzed Huisgen [3+2] 
cycloaddition popularized by the Meldal
2
 and Sharpless
3
 groups was the first to achieve 
the ―click status‖.  To date, this reaction has dominated this area of research and even 
became synonymous with ―click chemistry‖, mainly due to its reliability, robustness, 
functional group tolerance, ability to withstand wide spectrum of solvents, and desirable 
properties of the resulting triazoles.  Immense contributions have been made and wide 
arrays of applications found in various disciplines such as biology,
4,5
 chemistry,
1,6-8
 
bioconjugation,
7,9
 dug discovery
9-12
 and materials/polymer science.
8,13-16
  
The mechanism of copper catalyzed azide-alkyne [3+2] cycloaddition has been 
widely investigated using computational
17-19
 and experimental
3,20,21
 techniques.  
Regardless of the starting copper salt or complex (either Cu
I
 or Cu
II
), it has been 
established that Cu
I
 is the active catalytic species in the coupling of azide and alkyne.
6
 
The catalytic cycle begins with the coordination of the alkyne to the copper(I) center, 
resulting in the formation of a -complex (Scheme 5.1).  This step lowers the pKa of 
terminal alkyne proton by approximately 10 units, enabling the conversion of the -
complex to a -acetylide copper(I) intermediate. Kinetic investigation20 has revealed that 
the reaction rate is second-order with respect to the metal, suggesting the strong tendency 
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of copper(I) acetylide species to form -coordinate bridged aggregates,18,19 the formation 
of which is highly dependent on the nature of the complexing ligand.  The next step in the 
catalytic cycle is the coordination of the organic azide, which consequently activates the 
N-terminus for nucleophilic attack to the acetylide.  This results in the formation of 
vinylidene-like structure, which subsequently converts to a more stable copper(I) 
triazolide.  Lastly the catalytic cycle is completed by protonolysis, which yields the 
desired 1,2,3-triazole and regenerates the active copper(I) species. 
 
Scheme 5.1. Proposed Mechanism for Copper Catalyzed Azide-Alkyne [3+2] 
Cycloaddition. 
 
 
Another C-C forming reactions that are becoming more synthetically useful are 
the transition-metal catalyzed atom transfer radical addition (ATRA) and the 
intramolecular counterpart, atom transfer radical cyclization (ATRC).
22-27
 Traditionally, 
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both were conducted in the presence of high catalyst loadings, therefore facing issues in 
product separation and catalyst recycling.  Solution to these problems was found for the 
mechanistically similar atom transfer radical polymerization (ATRP)
28,29
 in which 
reducing agents were utilized to continuously regenerate the activator or copper(I) 
complex (Scheme 5.2). Catalyst regeneration technique has also been shown to be highly 
efficient in ruthenium
30
 and copper catalyzed ATRA and ATRC reactions.
26,31-34
 The 
presence of the reducing agents (free-radical diazo initiators, magnesium or ascorbic 
acid) successfully allowed the reduction in the amount of transition metal complex, and 
as a result, these reactions can now be conducted using very low amounts of the 
catalyst.
35-46
 Synthetic usefulness of the methodology has also been demonstrated in 
sequential organic transformations involving ATRA/ATRC.
47-49
  
The proposed mechanism
26,34
 for copper catalyzed ATRA in the presence of 
reducing agents is shown in Scheme 5.2. The role of the reducing agent is to continuously 
regenerate copper(I) from the copper(II) complex that accumulates in the reaction 
mixture as a result of unavoidable and often diffusion controlled radical-radical 
termination reactions.  Catalytic cycle starts with a homolytic cleavage of the alkyl halide 
bond by the copper(I) complex to produce an alkyl radical, which subsequently adds 
across a carbon-carbon double bond of an alkene. The generated secondary radical is then 
trapped by irreversible abstraction of halogen atom from the copper(II) complex to form 
the desired monoadduct. This step regenerates the activator or copper(I) complex, 
completing the catalytic cycle.  As indicated in Scheme 5.2, the competing side reactions 
in this process besides radical terminations by either coupling or disproportionation 
include repeating radical additions to alkene to form oligomers/polymers. 
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Scheme 5.2. Proposed Mechanism for Copper Catalyzed Atom Transfer Radical 
Addition (ATRA) in the Presence of Reducing Agents. 
 
 
A combination of copper catalyzed azide-alkyne [3+2] cycloaddition and 
mechanistically similar ATRP was first explored by the group of Matyjaszewski in a two-
pot two-step manner consisting of converting the halogen end-groups in well-defined 
polymers to azides and then subsequently triazoles.
50,51
 The methodology was also 
successfully extended to one-pot simultaneous reaction, in which propargyl methacrylate 
and alkyl azides were reacted to yield highly functionalized and well-defined polymeric 
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materials.
52,53
 Furthermore, our laboratory also initiated the study on sequential reactions 
involving copper(I)-catalyzed azide-alkyne [3+2] cycloaddition and mechanistically 
similar ATRA.
54
 A wide variety of small organic molecules bearing triazole and halide 
functionalities have been synthesized.  
Since we have demonstrated the efficiency of our catalytic system to mediate both 
organic transformations in one-pot two-step process, our focus has shifted towards 
functionalized polytriazoles.  Such compounds are very effective chelating agents and 
have found use in many different areas of catalysis.
55
 Recent study has shown that the 
incorporation of polytriazole ligands enhanced the photophysical and electron-transfer 
properties of tripodal zinc porphyrins (TPZn3).
56
 In DNA and RNA chemistry, multiple 
alkynylation of nucleosides and oligonucleotides followed by functionalization via the 
copper(I) catalyzed Huisgen cycloaddition with fluorophore-decorated organic azides 
resulted in the formation of modified DNA and RNA molecules that are highly 
fluorescent.
57
  
In this chapter, we report on the synthesis of halogenated polytriazole derivatives 
employing sequential copper catalyzed azide-alkyne [3+2] cycloaddition and atom 
transfer radical addition (ATRA).  The presence of the halide functionality in the 
resulting molecule offers versatility towards further organic transformations involving 
reduction, elimination, conversion to a Grignard reagent, and/or free radical chemistry. 
 
5.2 Results and Discussion 
The motivation for the study of one-pot sequential reactions involving azide-
alkyne [3+2] cycloaddition and atom transfer radical addition
54
 catalyzed by 
[Cu
II
(TPMA)X][X] (TPMA=tris(2-pyridylmethyl)amine, X= Cl
-
, Br
-
) complexes in the 
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presence of ascorbic acid as a reducing agent was primarily to demonstrate the synthetic 
usefulness of catalyst regeneration technique originally developed for mechanistically 
similar ATRP.  The pioneering work in our laboratory on copper-catalyzed ATRA in the 
presence of free-radical diazo initiator AIBN showed a significant reduction in the 
required catalyst loading with high turnover numbers (TONs).
31,32
 Improved selectivity 
towards the desired monoadduct formation for alkenes that are prone to free-radical 
polymerization was demonstrated through the use of radical initiator that decomposes at 
ambient temperature (such as V-70)
37
 or photoinitiated ATRA.
58
 Very recently, copper-
catalyzed ATRA and ATRC reactions have also been conducted in the presence of a 
more environmentally benign reducing agent such as ascorbic acid.
46
 This reducing agent 
enabled not only high product yields and TON‘s, but also more superior selectivity 
towards the monoadduct formation (particularly in the case of highly active acrylonitrile).   
Based on literature reports, triazole formation via copper(I) catalyzed [3+2] azide-
alkyne cycloaddition is commonly conducted via in situ reduction of Cu
II
 to Cu
I
 complex 
by either sodium ascorbate or ascorbic acid.
3,6,20,21
 Similarly, ATRA,
46
 ATRC
46
 and 
ATRP
59,60
 reactions also utilize the same reducing agent to regenerate the copper(I) 
complex, which is needed to start the catalytic cycle by homolytically cleaving the 
carbon-halogen bond.  Therefore, a logical step was taken in combining the two reactions 
in a one-pot sequential manner. Indeed, reactions with azidopropyl methacrylate and 1-
(azidomethyl)-4-vinylbenzene in the presence of a variety of alkynes and alkyl halides, 
catalyzed by as low as 0.5 mol-% of [Cu
II
(TPMA)X][X] (X=Br
-
, Cl
-
) complex, proceeded 
efficiently to yield highly functionalized (poly)halogenated esters and aryl compounds 
containing triazolyl group in almost quantitative yields (>90%, Scheme 5.3).   
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Encouraged by these results, we then applied the same methodology to azide-
alkyne [3+2] cycloaddition between tripropargylamine and vinyl benzyl azide (VBA), 
followed by sequential ATRA of carbon tetrachloride.  Surprisingly, reactions conducted 
in the presence of 1 mol% of [Cu
II
(TPMA)Cl][Cl] complex and 20 mol% of ascorbic acid 
(relative to Cu
II
) for 24 h at 60 
o
C yielded less than 10% of the desired product. 
Conducting reactions at elevated temperatures (80 
o
C) for longer reaction times (48 h) did  
 
 
Scheme 5.3. Sequential Copper-Catalyzed Azide-Alkyne Cycloaddition and ATRA. 
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Figure 5.1. 
1
H NMR (a) and HRMS (b) spectra of tris((1-(4-vinylbenzyl)-1H-1,2,3-
triazol-4-yl)methyl)amine (TVBTA). 
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not result in significant improvements.  At the present time, it is unclear why the same 
catalytic system does not work efficiently for tripropargylamine.  On one hand, this 
substrate could inherently be less active in azide-alkyne cycloaddition.  On the other, if 
the reaction requires multiple coordinations to the copper(I) center, such interactions will 
be efficiently blocked because of the tetradentate nature of TPMA ligand.  We are 
presently exploring both possibilities. 
Since one-pot sequential reactions catalyzed by [Cu
II
(TPMA)Cl][Cl] complex 
were not successful, we reverted to carrying out two-step, two-pot reactions.  The first 
step involved the reaction between vinylbenzyl azide (VBA) and tripropargylamine at 60 
o
C in the presence of 10 mol% of Cu
II
SO4 and sodium ascorbate (1:10 molar ratio) in 
methylene chloride/water (50/50 by volume). After heating for 24 hours, the desired 
tris(2-vinylbenzyl)triazole was isolated in 74% yield.  Even better results were obtained 
when the solvent was changed to methanol and ascorbic acid utilized as a reducing agent 
(91% isolated yield). The resulting triazole was characterized using 
1
H NMR and high 
resolution mass spectroscopy (HRMS).  The corresponding spectra are shown in Figure 
5.1. Positive ion mass spectrum indicates the presence of two molecular ion peaks, 
namely the protonated triazole (MH
+
) and sodium ion (MNa
+
).  
For the second step, ATRA reactions of various alkyl halides were conducted in 
the presence of  [Cu
II
(TPMA)X][X] (X=Br
-
 or Cl
-
) and ascorbic acid.  The results are 
summarized in Table 5.1. The addition of polyhalogenated methanes such as CCl4 and  
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Table 5.1. Copper Catalyzed ATRA of Alkyl Halides to TVBTA in the Presence of 
Ascorbic Acid. 
 
R-X
[a]
 [Cu
II
]
[b]
 T [
o
C] Time [h] Yield [%]
[c]
 
CCl4 1.0 60 24 95 
CCl4 0.40 60 24 60(64)
[d]
 
CCl4 0.20 60 24 62 
CBr4 1.0 60 24 98(92)
[d]
 
 
 
CBr4 0.40 60 24 86 
CBr4 0.20 60 24 84 
CCl3CO2Me 2.0 80 27 78(77)
[d]
 
CCl3CO2Me 1.0 80 27 76 
CCl2HCN 2.0 80 27 70(67)
[d]
 
 CCl2HCO2Me 2.0 80 27 70(55)
[d]
 
CCl2HCO2Me 1.0 80 27 64 
 
[a] All reactions were performed in MeOH using [TVBTA]0 /[CCl4 or CBr4]0=1:3.75, or 
TVBTA]0 /[CCl3CO2Me, CHCl2CN, or CCl2HCO2Me]0=1:6, [TVBTA]0 = 0.08 M. The 
amount of ascorbic acid in each system ranged between 20 and 25 equiv. relative to the 
copper(II) complex. [b] mol-% relative to [TVBTA]. [c] The yield is based on the 
formation of the triazole and was determined by 
1
H NMR spectroscopy using p-
dimethoxybenzene as internal standard (relative errors are ±15%). [d] Isolated yield after 
column chromatography. 
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Table 5.2 One-Pot Sequential Copper-Catalyzed [3+2] Azide-Alkyne Cycloaddition and 
ATRA in the Presence of Ascorbic Acid. 
 
N3 N+    1/3
CuIISO4
Ascorbic Acid
RX
TPMA
N N
N
N
R
X
N N
N
R
X
N
N N
R
X
X=Br- or Cl-
1
2
 
Entry
[a]
 R-X [Cu
II
]
[b]
 t1 [h]/t2[h]
[c]
 Yield [%]
[d]
 
1 CCl4 10 1/8 91(80)
[e]
 
2 CCl4 10 1/19 90 
3 CCl4 1.0 1/19 56 
4 CBr4 10 1/8 92(86)
[e]
 
 
 
5 CBr4 10 1/19 99 
6 CBr4 1.0 1/19 60 
7 CCl3CO2Me 10 1/24 75(78)
[e]
 
8 CCl3CO2Me 1.0 1/24 43 
9 CCl2HCO2Me 10 1/24 66(43)
[e]
 
 10 CCl2HCO2Me 1.0 1/24 50 
 
[a] All reactions were performed at 60 
0
C in MeOH using 
[VBA]0:[tripropargylamine]0=3:1, [VBA]0=0.1 M.  The amount of ascorbic acid was 20 
equiv. relative to Cu
II
SO4. In the second step, 1.0 equiv. of TPMA relative to Cu
II
SO4 and 
RX (CCl4 or CBr4=3.75 equiv., CCl3CO2Me or CCl2HCO2Me=6.0 equiv. relative to 
VBA) were added. [b] Mol % of Cu
II
SO4 relative to VBA. [c] t1=time for click reaction, 
t2=time for ATRA. [d] The yield is based on the formation of the triazole and was 
determined by 
1
H NMR spectroscopy using p-dimethoxybenzene as internal standard 
(relative errors are ±15%). [e] Isolated yield after column chromatography. 
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Figure 5.2. 
1
H NMR (a) and experimental (b) and simulated (c) mass spectra of tris((1-
(4-(1,3,3,3-tetrachloropropyl)benzyl)-1H-1,2,3-triazol-4-yl)methyl)amine. 
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CBr4 provided nearly quantitative yields of TBTA(CCl4)3 (95%) and TBTA(CBr4)3 
(98%) in the presence of as low as 1.0 mol-% of the catalyst.  Decreasing catalyst 
loadings to 0.4 and 0.2 mol-% still resulted in reasonably high yields of the desired 
polytriazole monoadducts.  The scope of ATRA was also extended to include 
trihalogenated (methyl trichloroacetate) and dihalogenated (methyl dichloroacetate and 
dichloroacetonitrile) alkyl halides.  Since they are generally less active compared to CCl4 
and CBr4, reactions were performed utilizing excess of alkyl halides (6.0 equivalents  
relative to TVBTA), elevated temperatures (80 
o
C), prolonged reaction times (27 h), and 
higher catalyst loadings (1.0-2.0 mol-%).  As indicated in Table 1, the results were 
clearly inferior to those of CCl4 and CBr4.   Modest yield (78%) was obtained in the 
addition of CCl3CO2Me in the presence of 2.0 mol-% of [Cu
II
(TPMA)Cl][Cl] and 
ascorbic acid. For the case of CCl2HCN and CCl2HCO2Me, the yields of the halogenated 
polytriazoles were approximately 70% using the same catalyst loading (2.0 mol-%).  
Further decrease in the amount of copper catalyst resulted in a decrease in the yield of the 
desired monoadduct. 
We have already demonstrated that copper-catalyzed [3+2] azide-alkyne 
cycloaddition between vinylbenzyl azide and tripropargylamine in the presence of TPMA 
ligand can be problematic.  However, TPMA is necessary for the ATRA step, and it is 
currently among the most active nitrogen based ligands for such copper catalyzed organic 
transformation.
26,33,34
 With a strong determination to fulfill one-pot synthesis of 
halogenated polytriazoles, a new strategy was devised.  In the first step, [3+2] azide-
alkyne cycloaddition between vinylbenzyl azide and tripropargylamine was conducted in 
a ligand-free catalytic system containing ascorbic acid.  After completion of the reaction, 
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free TPMA and alkyl halide were then added to the same reaction mixture and ATRA 
allowed to proceed. Indeed, with this protocol, the monoadduct in the case of CCl4 was 
obtained in 91% yield using 10 mol-% of copper (Table 5.2, entry 1).  Increasing the 
reaction time for ATRA from 8 to 19 hours did not result in significant increase in the 
product yield (90%, entry 2).  Furthermore, decreasing catalyst loading to 1.0 mol-% 
resulted in a significant decrease in the yield of the monoadduct (entry 3).  The same 
trend was also observed in the case of CBr4 (entries 4-6).  As indicated in Table 5.2, 
sequential [3+2] azide-alkyne cycloaddition and ATRA proceeded reasonably well with 
less active methyl trichloroacetate (entry 7 and 8) and methyl dichloroacetate (entry 9 and 
10).  For both reactions, a large excess of alkyl halide was used (6.0 equivalents relative 
to vinyl benzyl azide).  
Product characterization via spectroscopic techniques (
1
H and 
13
C NMR) and high 
resolution mass spectroscopy (HRMS) were carried out for all substrates to verify the 
formation of the monoadducts.  Shown in Figure 5.2 are the 
1
H NMR and HRMS spectra 
of the addition product involving CCl4.  In the HRMS spectrum, there are two observable 
molecular ion peaks corresponding to the protonated triazole (MH
+
) and sodium ion 
(MNa
+
). 
 
5.3 Summary and Conclusions 
In summary, we reported efficient synthesis of functionalized polytriazoles via 
one-pot sequential reactions involving copper-catalyzed [3+2] azide-alkyne cycloaddition 
and atom transfer radical addition (ATRA).  In the first step, reactions were performed in 
a ligand-free catalytic system, comprising of anhydrous Cu
II
SO4 and ascorbic acid.  After 
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completion of the click reaction, free TPMA and alkyl halide were then added to the 
same reaction mixture and ATRA allowed to proceed.  It was observed that the reaction 
between vinyl benzyl azide, tripropargylamine and tetrahalogenated methanes (CCl4 and 
CBr4), proceeded efficiently in the presence of as low as 10.0 mol-% of copper.  
Reactions with trihalogenated (methyl trichloroacetate) and dihalogenated (methyl 
dichloroacetate and dichloroacetonitrile) substrates were also successful, although the 
products were isolated in modest yields (50-80%).  The presented methodology enables 
efficient synthesis of functionalized polytriazoles, which could have a potential use as 
chelating agents for a variety of transition metals. 
 
5.4 Experimental 
5.4.1 General Procedures 
 
Copper(II) sulfate (anhydrous), CuSO45H2O, ascorbic acid, tripropargylamine, 
alkyl halides (carbon tetrachloride, carbon tetrabromide, methyl trichloroacetate, methyl 
dichloroacetate and dichloroacetonitrile) and methanol were purchased from commercial 
sources and used without further purification.  Tris(2-pyridylmethyl)amine (TPMA)
61
 and 
4-vinylbenzyl azide (VBA)
62
 were synthesized according to literature procedures. 
1
H 
NMR and 
13
C spectra were obtained using Bruker Avance 400 MHz operating at room 
temperature.  All chemical shifts are given in ppm relative to residual solvent peaks 
(CDCl3, 
1
H:  = 7.26 ppm and 13C:  = 77.2 ppm). Mass spectroscopic analyses were 
performed using electrospray ionization time of flight mass spectrometry on a Bruker 
microTOF instrument.  Simulated data for the molecular ion peaks and isotopic 
distributions were obtained using an Isotopic Distribution Simulator (IsoPro) v. 3.0. 
  
231 
5.4.2 Stock Solutions 
 
0.01M [Cu
II
(TPMA)X][X] (X = Cl
-
 or Br
-
) and anhydrous Cu
II
SO4 solutions were 
prepared in methanol. Ascorbic acid solution (0.25M) was prepared in methanol 
immediately before use. 
5.4.3 Copper-Catalyzed [3+2] Azide-Alkyne Cycloaddition between 4-Vinylbenzyl 
Azide and Tripropargylamine 
 
Into a 100 mL Schlenk flask equipped with a stirring bar were added 4-
vinylbenzyl azide (VBA) (12.0 mmol, 1.8 mL), tripropargylamine (4.0 mmol, 564 L), 
CH2Cl2/H2O (50 mL, 1:1 mixture by volume), CuSO45H2O (0.30 g, 1.2 mmol) and 
sodium ascorbate (12.0 mmol, 2.377 g). Reaction flask was then capped with a rubber 
septum and stirred overnight at room temperature. Reaction was quenched by adding 
H2O and ethylenediamine tetraacetic acid sodium salt dihydrate (Na4EDTA2H2O, 1.2 
mmol, 0.499 g), stirred for approximately 1 h and poured into a separatory funnel.  
Product was extracted with CH2Cl2 (2 x 10 mL).  Collected organic extract was dried 
over MgSO4 and solvent was removed in vacuo to give yellow solid in 74% yield (2.98 
mmol, 1.813 g).  In another reaction flask, VBA (3.0 mmol, 450 L), tripropargylamine 
(1.0 mmol, 141 L), anhydrous CuSO4 (0.3 mmol, 0.0479 g) and ascorbic acid (6.0 
mmol, 1.0578 g dissolved in 24 mL MeOH) were mixed together. Aforementioned 
procedure was followed and after aqueous work-up and solvent removal, product was 
isolated in 91% yield (0.0913 mmol, 0.556 g).   
5.4.4 General Procedure for the ATRA of Alkyl Halides to TVBTA Catalyzed by 
[Cu
II
(TPMA)X][X] (X= Cl
-
 or Br
-
) and Ascorbic Acid 
 
TVBTA (0.1 mmol, 0.0609 g), alkyl halide (CCl4 = 0.375 mmol, 36 µL; CBr4 = 
0.375 mmol, 0.1244 g; Cl3CO2Me = 0.6 mmol, 72 µL; Cl2HCO2Me = 0.6 mmol, 62 µL 
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and CHCl2CN = 0.6 mmol, 48 µL), p-dimethoxybenzene, and corresponding amount of 
[Cu
II
(TPMA)X][X] were added into a 5 mL Schlenk flask equipped with micro stirring 
bar.  Methanol was then added in order to maintain constant volume and concentration of 
0.08 M for TVBTA.  Ascorbic acid solution was then added and immediately each 
reaction flask was secured with an airtight Teflon cap.  The resulting reaction mixtures 
were immersed in an oil bath thermostated at 60
 0
C/80
 0
C for 24/27 h.  The percent yield 
of the expected functionalized polytriazole (TBTA(RX)3) was obtained using 
1
H NMR 
spectroscopy relative to the internal standard. If necessary, solvent was partially 
evaporated prior to 
1
H NMR analysis. 
5.4.5 General Procedure for Sequential Copper Catalyzed [3+2] Cycloaddition 
and Atom Transfer Radical Addition in the Presence of Ascorbic Acid 
 
In a typical experiment, a stock solution containing VBA (3.0 mmol, 450 µL), 
tripropargylamine (1.0 mmol, 141 µL), p-dimethoxybenzene and 2.4 mL MeOH was 
prepared to give a 1.0 M solution in VBA.  Aliquots of the solution (0.5 mmol in VBA, 
500 µL) were distributed into 5 mL Schlenk flasks containing a micro stirring bar.  For 
each reaction mixture with [VBA]0:[Cu
II
]0 ratio of 10:1, anhydrous Cu
II
SO4 (0.05 mmol, 
0.0080 g) and ascorbic acid solution (1.0 mmol, 4.0 mL from 0.25M solution) were 
added.  For reactions utilizing [VBA]0:[Cu
II
]0 ratio of 100:1, anhydrous Cu
II
SO4 (0.005 
mmol, 500 µL from 0.01 M CuSO4 solution) and ascorbic acid solution (0.1 mmol, 400 
µL) were added.  The volume of each reaction mixture was adjusted by adding MeOH in 
order to maintain constant concentration of VBA (0.10 M).  Schlenk flasks were secured 
with an airtight Teflon cap and immersed in an oil bath thermostated at 60
 0
C for 1h (10.0 
mol-% of Cu
II
SO4) or 20h (1.0 mol-% of Cu
II
SO4). Upon completion, each reaction 
mixture was taken inside the glovebox and uncapped.  The corresponding amounts of 
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TPMA (1.0 equiv. relative to Cu
II
SO4) and alkyl halide (CCl4 = 1.875 mmol, 181 µL; 
CBr4 = 1.875 mmol, 0.622 g; Cl3CO2Me = 3.0 mmol, 360 µL; Cl2HCO2Me = 3.0 mmol, 
310 µL or CHCl2CN = 3.0 mmol, 240 µL) were added.  The resulting mixtures were then 
heated in an oil bath at 60 
o
C for 8 h (10.0 mol-% of Cu
II
SO4) or 24 h (1.0 mol-% of 
Cu
II
SO4).  The percent yield of the expected functionalized polytriazole (TBTA(RX)3) 
was obtained using 
1
H NMR spectroscopy relative to the internal standard. If necessary, 
solvent was partially evaporated prior to 
1
H NMR analysis. 
5.4.6 Product Characterization 
 
Tris((1-(4-vinylbenzyl)-1H-1,2,3-triazol-4-yl)methyl)amine (TVBTA). 
1
H NMR (400 
MHz; CDCl3): 7.69 (s, 3H), 7.41(d, J = 8.4 Hz, 6H), 7.24 (d, J = 8 Hz, 6H), 6.71 
(dd, J = 17.6, 10.9 Hz, 3H), 5.77 (d, J = 17.6 Hz, 3H), 5.50 (s, 6H), 5.30 (d, J = 10.9 
Hz, 3H), 3.73 (s, 6H).  13C NMR (100 MHz; CDCl3): 144.5, 138.0, 136.0, 134.1, 
128.3, 126.8, 124.0, 114.9, 53.9, 47.1.  HR-ESI-TOF for C36H37N10 [M+H
+
]: simulated: 
609.3202, experimental: 609.3952.  HR-ESI-TOF for C36H36N10Na [M+Na
+
]: simulated: 
631.3022, experimental: 631.3791. 
Tris((1-(4-(1,3,3,3-tetrachloropropyl)benzyl)-1H-1,2,3-triazol-4-yl)methyl)amine 
(TBTA(CCl4)3). 
1
H NMR (400 MHz; CDCl3): 7.76 (s, 3H), 7.46 (d, J = 8.4 Hz, 6H), 
7.29 (d, J = 8.4 Hz, 6H), 5.54 (s, 6H), 5.32-5.29 (m, 3H), 3.74 (s, 6H), 3.59 (dd, J = 
15.4, 5.4 Hz, 3H), 3.49 (dd, J = 15.4, 6.4 Hz, 3H). 13C NMR (100 MHz; CDCl3): 
149.40, 141.24, 135.79, 128.53, 128.19, 124.68, 96.02, 62.57, 57.61, 53.68, 46 96.02, 
62.57, 57.61, 53.68, 46.81.  HR-ESI-TOF for C36H37Cl12N10 [M+H
+
]: simulated: 
1070.9358, experimental: 1071.0706. HR-ESI-TOF for C36H36Cl12N10Na [M+Na
+
]: 
simulated: 1092.9186, experimental: 1093.0548. 
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Tris((1-(4-(1,3,3,3-tetrabromopropyl)benzyl)-1H-1,2,3-triazol-4-yl)methyl)amine 
(TBTA(CBr4)3). 
1
H NMR (400 MHz; CDCl3): δ7.78 (s, 3H), δ7.51 (d, J = 8.4 Hz, 6H), 
δ7.27 (d, J = 8.4 Hz, 6H), δ5.53 (s, 6H), δ5.32 (dd, J = 7.6, 4.0 Hz, 3H), δ4.12 (dd, J = 
15.4, 4.0 Hz, 3H), δ4.03 (dd, J = 15.4, 7.8 Hz, 3H), δ3.75 (s, 6H).  13C NMR (100 MHz; 
CDCl3): δ143.35, 141.36, 135.48, 128.94, 128.45, 124.47, 82.90, 66.27, 56.90, 53.65,  
49.14, 46.89.  HR-ESI-TOF for C36H37Br12N10 [M+H
+
]: simulated: 1604.3242, 
experimental: 1604.5386.  HR-ESI-TOF for C36H36Br12N10Na [M+Na
+
]: simulated: 
1626.3115, experimental: 1626.5079. 
Trimethyl 4,4',4''-(((4,4',4''-(nitrilotris(methylene))tris(1H-1,2,3-triazole-4,1-
diyl))tris(methylene))tris(benzene-4,1-diyl))tris(2,2,4-trichlorobutanoate) 
(TBTA(Cl3CCO2Me)3). 
1
H NMR (400 MHz; CDCl3): δ8.10 (s, 3H), δ7.44 (d, J = 8.4 Hz, 
6H), δ7.00 (d, J = 8.4 Hz, 6H), δ5.56 (s, 6H), δ5.24 (dd, J = 7.6, 5.8 Hz, 3H), δ3.93 (s, 
9H), δ3.71 (s, 6H), δ3.42 (dd, J = 15.0, 7.6 Hz, 3H), δ3.18 (dd, J = 15.0, 5.8 Hz, 3H). 13C 
NMR (101 MHz; CDCl3): δ165.6, 143.8, 140.3, 135.6, 128.4, 128.1, 124.2, 81.9, 57.8, 
54.5, 53.9, 53.6, 46.8, 43.613C NMR: 165.6, 143.67, 135.8, 128.5, 128.2, 124.2, 82.0, 
57.9, 54.5, 53.8, 47.0, 43.6.  HR-ESI-TOF for C46H50N10Cl12O6 [M+H
+
]: simulated: 
1157.1051, experimental: 1160.9780. 
4,4',4''-(((4,4',4''-(nitrilotris(methylene))tris(1H-1,2,3-triazole-4,1-
diyl))tris(methylene))tris(benzene-4,1-diyl))tris(2,4-dichlorobutanenitrile)) 
(TBTA(CHCl2CN)3). 
1
H-NMR (400 MHz; CDCl3): mixture of diastereomers δ7.76 (s, 
3H), δ7.75 (s, 3H), δ7.42 (d, J = 8.4 Hz, 6H), δ7.31 (d, J = 8.4 Hz, 6H), δ5.54 (s, 6H), 
δ5.13-5.05 (m, 3H), δ4.79-4.75 (m, 3H), δ4.55-4.51 (m, 3H), δ3.72 (s, 6H), δ2.85-2.77 
(m, 3H), δ2.73-2.66 (m, 3H), 2.66-2.56 (m, 3H).  13C NMR (100 MHz; CDCl3): 144.15, 
  
235 
144.06; 139.40, 139.10; 136.09, 135.98; 128.79, 128.75; 127.77, 127.75; 124.10, 124.05; 
116.29, 116.04; 57.85, 57.70; 53.54; 46.98, 46.96; 45.73, 45.40; 40.20, 39.91.  HR-ESI-
TOF for C42H40Cl6N13 [M+H
+
]: simulated: 938.16275, experimental: 938.2882.  HR-ESI-
TOF for C42H39Cl6N13Na [M+Na
+
]: simulated: 960.1459, experimental: 960.2722. 
Trimethyl 4,4',4''-(((4,4',4''-(nitrilotris(methylene))tris(1H-1,2,3-triazole-4,1-
diyl))tris(methylene))tris(benzene-4,1-diyl))tris(2,4-dichlorobutanoate). 
(TBTA(Cl2HCCO2Me)3). 
1
H NMR (400 MHz; CDCl3): mixture of diastereomers δ7.73 (s, 
3H), δ 7.72 (s, 3H), δ7.39 (d, J = 8.0 Hz, 6H), δ7.29 (d, J = 8.4 Hz, 6H), δ5.49 (s, 6H), 
δ5.14 (dd, J = 5.9, 2.9 Hz, 3H), δ5.12-5.02 (m, 3H), δ4.71-4.62 (m, 6H), δ3.77 (s, 9H), 
δ3.67 (s, 6H), δ3.66 (s, 6H), δ2.76-2.61 (m, 6H), δ2.43-2.31(m, 6H).  13C NMR (100 
MHz; CDCl3): 169.28, 168.99, 144.11, 144.03, 140.79, 135.45, 128.57, 127.84, 124.03, 
124.0, 59.11, 57.1, 56.94, 54.84, 53.31, 46.97, 44.1. HR-ESI-TOF for C46H53N10Cl6O6 
[M+H
+
]: simulated: 1053.2217, experimental: 1053.2524. 
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Chapter 6  
Synthesis, Characterization, and the Role of Counterion 
in Cyclopropanation of Styrene Catalyzed by [CuI(2,2’-
bpy)(-CH2=CHC6H5)][A] (A=ClO4
-, PF6
- and CF3SO3
-) 
Complexes 
 
 
Reproduced in part with permission from Ricardo, C.; Pintauer, T., J. Organomet. Chem. 
2007, 692, 5165-5172. Copyright 2007 Elsevier 
 
 
Copper(I)/2,2‘-bipyridine complexes, [CuI(bpy)(-CH2CHC6H5)][A] (A = 
CF3SO3
-
 (1) and PF6
-
 (2) have been synthesized and characterized.  The equilibrium 
constants for the coordination of styrene to [Cu
I
(bpy)]
+
 cations at 300 K were determined 
to be 4.3x10
3
 (1), 4.4x10
3
 (2) and 3.8x10
3
 M
-1
 (A=ClO4
-
, 3).  These data suggested that 
the axial coordination of the counterion in these complexes observed in the solid state 
(2.4297(11) Å 1, 2.9846(12) Å 2, and 2.591(4) Å 3) did not significantly affect the 
binding constant of styrene to [Cu
I
(bpy)]
+
 cations in solution. In cyclopropanation 
reactions catalyzed by 1-3, similar product distribution was obtained.  The rate of 
decomposition of EDA in the presence of styrene at room temperature catalyzed by 3 
(kobs=(7.7±0.32)10
-3
 min
-1
) was slower than the rate observed for 1 
(kobs=(1.4±0.041)10
-2
 min
-1
) or 2 (kobs=(1.0±0.025)10
-2
 min
-1
).  
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6.1 Introduction 
 
In recent years, a considerable effort has been devoted to the development of 
transition metal catalysts for diastereo- and enantioselective cyclopropanation
1-4
 and 
aziridination
5,6
 of olefins.  Effective catalytic system for the cyclopropanation of alkenes 
with diazo reagents requires the use of a transition metal complex, which facilitates the 
loss of N2 from the diazo reagent, as well as stabilizes intermediate carbene species 
against competing carbene dimerization.
7-10
 A variety of transition metal complexes have 
been found to be active in cyclopropanation reactions and they include the complexes of 
Fe,
11
 Rh,
12
 Ru
13,14
 and Cu.
4
 Copper appears to be particularly attractive because of its low 
cost relative to other transition metal complexes. So far, cationic copper(I) complexes in 
conjunction with a C2-symmetric ligand, such as bis(oxazoline),
15
 2,2‘-bipyridine (bpy),16 
2,2′:6′,2′′ terpyridine16-18 and 1,10-phenanthroline (phen),16,19 and neutral copper(I) 
complexes with semicorrin,
20
 polypyrazolylborates,
21-23
 iminophosphanamidates
24,25
 and 
-diketiminates26 have been successfully used in cyclopropanation reactions. However, 
despite a tremendous effort directed towards empirical catalyst development, mechanism 
of these very important synthetic reactions is still not fully understood. It is generally 
accepted that the copper catalyzed cyclopropanation reactions proceed via a copper-
carbene complex, as indicated in Scheme 6.1 for cyclopropanation catalyzed by 
copper(I)/2,2‘-bipyridine complex.1,2,15 However, the details of this process are not well-
known. 
Only, very recently, copper-carbene complexes have been detected as reaction 
intermediates in cyclopropanation reactions utilizing low temperature NMR 
measurements
24,25
 and X-ray diffraction.
26
 Another key mechanistic feature of these  
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Scheme 6.1. Proposed mechanism for copper(I)/2,2‘-bipyridine catalyzed 
cyclopropanation of olefins. 
 
 
 
reactions includes the role of monomer and counterion, both of which are poorly 
understood. Mechanistic
15,27
 and computational
28,29
 studies have indicated that 
copper(I)/olefin complexes in these systems might act as either catalytically active 
species or resting states.  Furthermore, the reactivity of cationic copper(I) complexes is 
strongly influenced by the counterion. Triflates and hexafluorophosphates
15,30
 were found 
to be highly effective catalysts whereas halides, cyanides, acetates and perchlorate 
showed little or no catalytic activity. 
Cationic copper(I)/alkene complexes with bidentate nitrogen based ligands are very rare and so far 
only two complexes with nonpolar olefins such as styrene31 and cyclohexene32 have been isolated (Scheme 
6.2).  In both complexes, the geometry around  
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Scheme 6.2 Structures of cationic copper(I)/alkene complexes with bidentate nitrogen 
based ligands. 
 
copper(I) atom was found to be trigonal pyramidal, due to the weak interaction with the 
counterion. Recently, we have successfully isolated and structurally characterized 
[Cu
I
(bpy)(-CH2CHCOOCH3)][A] (A=CF3SO3
-
, ClO4
-
 and PF6
-
) complexes (Scheme 
6.2). These complexes represented the first class of trigonal pyramidal copper(I) 
complexes with -coordinated electron poor olefins.  Weak coordination of the 
counterion was observed in the case of CF3SO3
-
 (Cu-O=2.388(4) Å) and PF6
-
 (Cu-
F=2.609(2) Å) complexes.  The counterion ClO4
-
, on the other hand, was 
noncoordinating and the corresponding copper(I) complex was dimeric in the solid state 
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with oxygen atoms of the carbonyl moieties in methyl acrylate bridging two copper(I) 
centers (Cu-O=2.434(4) Å). 
In this chapter, we report the synthesis and characterization of copper(I)/bpy 
complexes [Cu
I
(bpy)(-CH2=CHC6H5)][A] (A = CF3SO3
-
 (1), and PF6
-
 (2)).  
Furthermore, the role of counterion in cyclopropanation of styrene with ethyldiazoacetate 
(EDA) catalyzed by these complexes and [Cu
I
(bpy)(-CH2=CHC6H5)][ClO4] (3) is also 
discussed. 
 
6.2 Results and Discussion 
 
6.2.1 X-ray crystallography 
 
[Cu
I
(bpy)(-CH2=CHC6H5)][A] (A=CF3SO3
-
 (1), PF6
-
 (2) and ClO4
-
 (3)) were 
synthesized by reacting [Cu
I
(CF3SO3)]2*C6H5CH3, [Cu
I
(CH3CN)4][PF6] and 
[Cu
I
(CH3CN)4][ClO4], respectively, with the stoichiometric amounts of 2,2‘-bipyridine 
(bpy) and large excess of styrene (typically 30 equivalents).  Slow crystallization from 
methanol at -35 
o
C afforded colorless crystals of 1-3 in reasonable yields.  Shown in 
Figure 6.1 is the molecular structure of complex 1.  Selected bond distances and angles 
are listed in  
 
 
 
 
 
Table 6.2.  Complex 1 is distorted trigonal pyramidal in geometry and copper(I) 
atom is coordinated by two nitrogen atoms of bpy ligand, two olefinic carbon atoms of 
styrene at the equatorial position, and an oxygen atom of CF3SO3
-
 anion at the axial 
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position. The dihedral angle between the planes defined by the copper and two nitrogen 
atoms of the bpy molecule and by the copper and two carbon atoms of styrene is 
19.63(4)
o
. The Cu
I
-N bond distances (Cu(1)-N(1) = 1.9998(12) Å, Cu(1)-N(2) = 
1.9978(12) Å) are in the range generally found for copper(I) complexes with bpy  
Table 6.1. Crystallographic data and experimental details for 1 and 2.  
Compound 
[Cu
I
(bpy) 
(-CH2=CHC6H5)][CF3SO3] 
(1) 
[Cu
I
(bpy)(-
CH2=CHC6H5)][PF6]*1/2Sty 
(2) 
  formula C19H16CuF3N2O3S C44H40Cu2F12N4P2 
color/shape colorless/needles colorless/needles 
formula weight 472.94 1041.82 
cryst sys monoclinic monoclinic 
space group P2(1)/c P2(1)/c 
temp, K 150(2) 150(2) 
cell constants   
a, Å 8.36140(10) 22.3107(7) 
b, Å 15.6925(2) 12.2893(4) 
c, Å 14.8425(2) 16.5493(5) 
, deg 90. 90. 
, deg 98.4940(10) 107.63(4) 
, deg 90. 90. 
V, Å
3
 1926.14(4) 4324.5(2) 
Formula units/unit cell 4 4 
Dcalcd, gcm
-3
 1.631 1.600 
, mm-1 1.294 1.148 
F(000) 960 2112 
diffractometer Bruker Smart Apext II Bruker Smart Apex II 
radiation, graphite 
monochr. 
Mo K (=0.71073 Å) Mo K (=0.71073 Å) 
crystal size, mm 0.25 x 0.14 x 0.08 0.49 x 0.29 x 0.17 
 range, deg 1.90<  < 30.97 0.96<  < 32.47 
range of h,k,l ±12, ±22, ±21 ±32, ±18, ±24 
reflections 
collected/unique 
33538/6103 53954/14828 
Rint 0.0280 0.0476 
refinement method full-matrix least-squares on F
2 
full-matrix least-squares on F
2
 
data/restraints/parameters 6103/0/265 14828/0/577 
GOF on F
2
 1.023 0.745 
final R indices [I>2(I)] R1=0.0288, wR2=0.0716 R1=0.0325, wR2=0.0975 
R indices (all data) R1=0.0391, wR2=0.0764 R1=0.0503, wR2=0.1104 
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max. resid. peaks (e•Å-3) 0.426 and -0.304 0.668 and -0.461 
 
 
 
 
 
 
Table 6.2. Selected bond distances (Å) and angles (
o
) for 1 and 2. 
[Cu
I
(bpy)(-CH2=CHC6H5)][CF3SO3] (1) 
Distances 
Cu(1)-N(1) 
Cu(1)-N(2) 
Cu(1)-C(1) 
Cu(1)-C(2) 
Cu(1)-O(1) 
C(1)-C(2) 
 
1.9998(12) 
1.9978(12) 
2.0033(14) 
2.0304(14) 
2.4297(11) 
1.383(2) 
Angles 
N(2)-Cu(1)-N(1) 
N(2)-Cu(1)-C(1) 
N(1)-Cu(1)-C(1) 
N(2)-Cu(1)-C(2) 
N(1)-Cu(1)-C(2) 
C(1)-Cu(1)-C(2) 
N(2)-Cu(1)-O(1) 
N(1)-Cu(1)-O(1) 
C(1)-Cu(1)-O(1) 
C(1)-C(2)-C(3) 
 
82.88(5) 
156.03(6) 
119.27(6) 
115.92(6) 
153.24(5) 
40.11(6) 
91.31(4) 
94.77(4) 
95.49(5) 
125.04(13) 
[Cu
I
(bpy)(-CH2=CHC6H5)][PF6]*1/2Sty (2) 
Distances 
Cu(1)-N(1) 
Cu(1)-N(2) 
Cu(1)-C(1) 
Cu(1)-C(2) 
C(1)-C(2) 
Cu(2)-N(3) 
Cu(2)-N(4) 
Cu(2)-C(19) 
Cu(2)-C(20) 
Cu(2)-F(9) 
C(19)-C(20) 
 
1.9779(13) 
1.9964(13) 
2.0144(15) 
2.0167(14) 
1.378(2) 
1.9713(12) 
1.9621(12) 
1.9706(15) 
2.0131(14) 
2.9846(12) 
1.388(2) 
Angles 
N(1)-Cu(1)-N(2) 
N(1)-Cu(1)-C(1) 
N(2)-Cu(1)-C(1) 
N(1)-Cu(1)-C(2) 
N(2)-Cu(1)-C(2) 
C(1)-Cu(1)-C(2) 
C(1)-C(2)-C(3) 
N(4)-Cu(2)-C(19) 
N(4)-Cu(2)-N(3) 
C(19)-Cu(2)-N(3) 
N(4)-Cu(2)-C(20) 
C(19)-Cu(2)-C(20) 
N(3)-Cu(2)-C(20) 
C(19)-C(20)-C(21) 
 
83.40(5) 
117.64(6) 
158.31(6) 
156.27(6) 
118.37(6) 
39.99(6) 
124.80(14) 
115.05(6) 
84.01(5) 
159.80(6) 
155.71(6) 
40.76(6) 
119.75(6) 
125.19(14) 
 
 
 
containing ligands (1.93-2.16 Å).
33
 The Cu
I
-O(SO2CF3) distance (2.4297(11) Å) is longer 
than the sum of ionic radii for Cu
I
 (0.96 Å) and O
-
 (1.40 Å), and is also longer than 
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2.388(4) Å observed in structurally related -methyl acrylate complex, [CuI(bpy)(-
CH2=CHCOOCH3][CF3SO3].
34
 The two Cu-C bond distances (Cu(1)-C(1) = 
2.0033(14)Å, Cu(1)-C(2) = 2.0304(14) Å) are slightly shorter than those found in 
tetrahedral Cu
I
(PMDETA)(-CH2=CHC6H5)][BPh4] (PMDETA = N,N,N’,N”,N”-
pentamethyldiethylenetriamine) complex (Cu
I
-C=2.052(2) and 2.108(2) Å).
35
  
Furthermore, the C=C double bond distance of the coordinated styrene (1.383(2) Å) is 
slightly longer than those reported for other free olefin molecules (1.355±0.005 Å).
35,36
 
The crystal structure of 1 is stabilized by - stacking interactions between bpy units 
(perpendicular separation between least-squares planes = 3.304(6) Å).  Such interactions 
are very common in copper(I) complexes with bipyridine based ligands and are typically 
in the range 3.30-3.60 Å.
37,38
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Figure 6.1. Molecular structure of [Cu
I
(bpy)(-CH2=CHC6H5][CF3SO3] (1), shown with 
50% probability displacement ellipsoids. H atoms have been omitted for clarity. 
 
 
The crystals of complex 2 contain two crystallographically independent 
molecules, [Cu
I
(bpy)(-CH2=CHC6H5)(PF6)] and [Cu
I
(bpy)(-CH2=CHC6H5)][PF6] 
(Figure 3) and styrene solvate (Figure 6.2).  The structure of [Cu
I
(bpy)(-
CH2=CHC6H5)(PF6)] is very similar to 1.  The copper(I) atom is coordinated by two 
nitrogen atoms from bpy ligand (Cu(2)-N(3) = 1.9713(12) Å, Cu(2)-N(4) = 1.9621(12) 
Å), two carbon atoms from styrene in equatorial position (Cu(2)-C(19) = 1.9706(15) Å, 
Cu(2)-C(20) = 2.0131(14) Å), and a fluorine atom from PF6
-
 anion (Cu(2)-F(9) = 
2.9846(12) Å) in the axial position. Relatively long Cu
I
-F(PF5) distance (2.9846(12) Å) 
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indicates that counterion in this complex is weakly coordinated to the copper(I) center.  
The C=C bond length of coordinated styrene is 1.388(2) Å.  The dihedral angle between 
Cu(2)-C(19)-C(20) and Cu(2)-N(3)-N(4) planes in 2 is 6.34(3)
o
, which is much smaller 
than 19.63(4)
o
 and 12.60(5)
o
 observed in 1 and [Cu
I
(bpy)(-CH2=CHC6H5)][ClO4] (3),
31
 
respectively. This result indicates that Cu
I
(bpy)(-CH2=CHC6H5)
+
 moiety in 2 is more 
trigonal planar in geometry than in 1 and 3. The [Cu
I
(bpy)(-CH2=CHC6H5)]
+
 cations in 
2 form - stacking interactions between bpy planes (perpendicular separation between 
least-squares planes=3.303(5) Å).   
In the molecular structure of complex 3, which has been published previously 
(Scheme 6.2),
31
 the copper(I) center is distorted trigonal pyramidal in geometry.  
Bipyridine ligand coordinates to the copper(I) atom in a bidentate fashion (Cu-N = 
1.985(4) and 2.014(5) Å).  Additionally, two coordination sites are occupied by olefinic 
carbon atoms from styrene in equatorial position (Cu-C=2.014(5) and 1.985(6) Å) and an 
oxygen atom from ClO4
-
 anion (Cu-O=2.591(4) Å) in the axial position.  The dihedral 
angle between the planes defined by the copper and two nitrogen atoms of the bpy 
molecule and by the copper and two carbon atoms of styrene is 12.60(5)
o
.  Similarly to 
the structures of 1 and 2, the structure of 3 is stabilized by - stacking interactions 
between bpy planes (3.37 Å). 
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Figure 6.2. Molecular structure of [Cu
I
(bpy)(-CH2=CHC6H5][PF6]•1/2Sty (2), shown 
with 50% probability displacement ellipsoids. H atoms have been omitted for clarity. 
 
 
6.2.2 1H NMR and FT-IR Characterization 
 
Complexes 1-3 are very stable in the solid state even in the presence of air.  
However, they disproportionate in CD3OD, (CD3)2CO and CD2Cl2 within 10 minutes at 
room temperature, unless excess free styrene is present.  The spectra of 1 and 2 in CD2Cl2 
(experimental section) indicated 1:1 ratio between 2,2‘-bipyridine and styrene.  However, 
only four resonances for bpy ligand were observed at temperatures as low as 180 K, 
which is not consistent with solid state structures.  This is most likely induced by the fast 
rotation about the alkene-copper(I) bond on the NMR time scale.  
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Table 6.3.  
1
H NMR chemical shifts (300 MHz, CD2Cl2, 180 K) of olefinic protons and 
C=C stretching frequency (cm
-1
) for 1-3. 
 1 2 3 
H(H)
a
 6.22(0.52) 6.31(0.43) 6.26(0.48) 
H
trans
(H
trans
) 5.01(0.77) 5.19(0.59) 5.12(0.66) 
H
cis
(H
cis
) 4.65(0.60) 4.74(0.51) 4.68(0.57) 
(C=C)()b 1529(101) 1527(103) 1525(105) 
      aH = H(free Sty) - H(observed), ppm (R-CH=CH
trans
CH
cis
).    
      b = (free Sty) - (observed), cm-1. 
 
 
Chemical shifts of complexed styrene are summarized in Table 6.3 and compared 
to those of free styrene.  For 1-3, strong shielding of vinyl protons was observed which 
indicates -backbonding donation from CuI, although with different magnitudes.39,40 The 
shielding effect is the weakest with -carbon, which is also further away from CuI than is 
the -carbon (Table 2).  The -nature of C=C of styrene is further supported by a 
decrease in the IR stretching frequency of C=C by approximately 102 cm
-1
 upon 
coordination.   
 Because complexes 1-3 undergo fast styrene exchange on the NMR time scale at 
room temperature, the average signals for the free and complexed styrene were observed.  
Methods for the determination of the equilibrium constant for styrene coordination to the 
copper(I) center for such a reaction from solution NMR data are well-known.  Using 
previously described methodology,
41,42
 the equilibrium constants for the coordination of 
styrene to [Cu
I
(bpy)]
+
 cations at 300 K were determined to be 4.3x10
3
 (1), 4.4x10
3
 (2) 
and 3.7x10
3
 M
-1
 (3).  These data suggest that the axial coordination of the counterion in 
these complexes observed in the solid state (2.4297(11) Å 1, 2.9846(12) Å 2, and 
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2.591(4) Å 3) does not significantly affect the binding constant of styrene to [Cu
I
(bpy)]
+
 
cations in solution.   
6.2.3 Cyclopropanation Studies 
 
In order to further investigate the role of counterion in 1-3, cyclopropanation of 
styrene in the presence of ethyldiazoacetate (EDA) was conducted.  The reactions were 
performed in CH2Cl2 at room temperature using standard conditions 
[Cu
I
]0:[Styrene]0:[EDA]0=1:500:50.
23,43
 The product distribution was determined by 
1
H 
NMR and the results are summarized in Table 4.  For all three complexes, the relative 
amounts of EDA decomposition products, diethyl fumarate and diethyl maleate, ranged 
between 16.0 and 18.0 mol%.  Furthermore, the mole percent of trans and cis 
cyclopropane were very similar for complexes 1 and 2.  In the case of complex 3, there 
was a slight increase in the amount of trans cyclopropane formed (66.9 mol%), 
accompanied by a decrease in the amount of cis product (14.7 mol%).  However, 
surprisingly, the diethyl fumarate to diethyl maleate ratio does not follow the same trend.  
Cyclopropanation of styrene catalyze by complex 3 leads to a 36:64 mol% ratio, favoring 
the formation of diethyl maleate, whereas the same ratio for complexes 1 and 2 was 
determined to be 53:47 mol% and 62:38 mol%, respectively.  We are presently 
conducting kinetic measurements in the absence of styrene to gain further information on 
the effect of counterion on the ratio of EDA decomposition products.  Overall, based on 
the results presented in this article, it appears that 1-3 showed similar trans:cis 
cyclopropane selectivity. 
The effect of counterion in 1-3 on the cyclopropanation of styrene in the presence 
of EDA was additionally examined by monitoring the rate of decomposition of EDA. The 
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decomposition of EDA in the presence of 1-3 was very fast and quantitative conversions 
were achieved within 2 minutes at room temperature.  However, the presence of 
externally added styrene dramatically slowed down the reaction rate.  This result was 
expected due to the known fact that the coordination of olefin to the copper(I) center 
inhibits the diazocarbene decomposition (Scheme 6.1) 
43,44
.  Shown in Figure 6.3 are the 
plots for the pseudo-first order decomposition of EDA in the presence of styrene and 1-3.   
 
Table 6.4. Cyclopropanation of styrene in the presence of EDA catalyzed by 1-3.
a
 
 
Catalyst 
HPh
CO2EtH  
HH
CO2EtPh  
H
H CO2Et
EtO2C
 
H
EtO2C CO2Et
H
 
1 
2 
3 
58.0 
58.7 
66.9 
27.0 
25.3 
14.7 
8.0 
9.9 
6.7 
7.0 
6.1 
11.7 
a
solvent=CH2Cl2, reaction time=2h, [Cu
I
]0:[2,2‘-bpy]0:[EDA]0:[Styrene]0=1:1:50:500, 
[Cu
I
]0=1.7x10
-3
 M, % yield based on 
1
H NMR. 
 
 
Linearity was observed for all three complexes (Figure 6.3), enabling the 
determination of the observed rate constant (kobs).  The observed rate constant (kobs), as 
pointed out by detailed kinetic studies with anionic poly(pyrazolyl) borate ligands,
43
 is a 
complex function of the total copper(I) and styrene concentration, equilibrium constant 
for styrene coordination to the copper(I) center (Ko, Scheme 1), and the rate constant for 
the formation of copper(I) carbene complex (k1, Scheme 6.1).  The rate of decomposition  
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Figure 6.3. Plots of ln([EDA]0/[EDA]t) vs. time for the cyclopropanation of styrene with 
EDA in CH2Cl2 at 25 
0
C catalyzed by 1 (, kobs = (1.4  0.041) x 10
-2 
min
-1
), 2 (, kob s= 
(1.0  0.025) x 10-2 min-1) and 3 (, kobs = (7.7  0.032) x 10
-3
 min
-1
). 
[Cu]0:[EDA]0/[Styrene]0 =1:250:2500, [Cu]0 = 1.71 x 10
-3
 M. Errors are given at 95% 
confidence limits. 
 
 
 
of EDA catalyzed by 3 (kobs=(7.7±0.32)10
-3
 min
-1
) is slower than the rate observed for 1 
(kobs=(1.4±0.041)10
-2
 min
-1
) or 2 (kobs=(1.0±0.025)10
-2
 min
-1
). This result is consistent 
with the cyclopropanation of styrene catalyzed by copper(I) complexes with 
bis(oxazolines) in which the presence of ClO4
-
 counterion resulted in a decrease in the 
catalytic activity.
15,30
 Furthermore, the decrease in the observed rate constant for EDA 
decomposition in the case of ClO4
-
 counterion cannot be explained in terms of 
equilibrium constant for styrene coordination to the copper(I) center because variable 
temperature 
1
H NMR measurements have indicated similar binding constant of styrene to 
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1 (4.3x10
3
 M
-1
), 2 (4.4x10
3
 M
-1
) and 3 (3.8x10
3
 M
-1
).  We believe that the counterion in 
1-3 can also have an effect on the formation of tetrahedral [Cu
I(2,2‘-bpy)2]
+
 
cations,
33,37,39,45,46
 which are commonly present in these systems (Scheme 6.1), and would 
additionally slow down the rate of decomposition of EDA.  This possibility is currently 
under investigation. 
 
 
6.3 Summary and Conclusion 
 
In summary, novel copper(I)/2,2-bipyridine complexes with -coordinated 
styrene have been synthesized and characterized.  These complexes are used as catalysts 
in copper(I) mediated cyclopropanation of styrene. The equilibrium constants for the 
coordination of styrene to [Cu
I
(bpy)]
+
 cations at 300 K were determined to be 4.3x10
3
, 
4.4x10
3
 and 3.8x10
3
 M
-1
 for 1,2 and 3, respectively.  These data suggested that the axial 
coordination of the counterion in these complexes observed in the solid state (2.4297(11) 
Å 1, 2.9846(12) Å 2, and 2.591(4) Å 3) did not significantly affect the binding constant 
of styrene to [Cu
I
(bpy)]
+
 cations in solution.  In cyclopropanation reactions catalyzed by 
1-3, similar product distribution was obtained.  Furthermore, the rate of decomposition of 
EDA in the presence of styrene catalyzed by 3 (kobs=(7.7±0.32)10
-3
 min
-1
) was slower 
than the rate observed for 1 (kobs=(1.4±0.041)10
-2
 min
-1
) or 2 (kobs=(1.0±0.025)10
-2
. 
 
 
6.4 Experimental 
 
6.4.1 General 
 
[Cu
I
(CF3SO3)]2*C6H5CH3 (99.99%, Aldrich), [Cu
I
(CH3CN)4][PF6] (98+%, 
Strem) and  2,2‘-bipyridine (99+%, Acros) were used as received.  [CuI(CH3CN)4][ClO4] 
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was synthesized according to the literature procedure.
39
  Styrene (99%, Acros) was stirred 
over CaH2 for 24 hours and distilled under argon.  Solvents (methylene chloride, pentane, 
acetonitrile and methanol) were degassed and deoxygenated using Innovative 
Technology solvent purifier.  Ethyl diazoacetate (EDA, 99% Aldrich) was degassed prior 
to use.  All manipulations were performed under argon atmosphere in a dry box (<1.0 
ppm of O2 and <0.5 ppm of H2O) or using standard Schlenk line techniques.  
1
H NMR 
spectra were obtained using Bruker Avance 300 and 400 MHz spectrometers and 
chemical shifts are given in ppm relative to residual solvent peaks ((CD2Cl2) = 5.32 and 
(CDCl3) = 7.26).  IR spectra were recorded in the solid state or solution using Nicolet 
Smart Orbit 380 FT-IR spectrometer (Thermo Electron Corporation).  Elemental analyses 
for C, H and N were obtained from Midwest Microlab, LLC.  CAUTION: Perchlorate 
metal salts are potentially explosive and were handled in small quantities under argon 
atmosphere. 
 
Figure 6.4. 
1
H NMR labeling scheme. 
 
  
260 
 
6.4.2 [CuI(bpy)(-CH2=CHC6H5)][CF3SO3] (1) 
 
[Cu
I
(CF3SO3)]2*C6H5CH3 (0.100 g, 1.93  10
-4
 mol) and styrene (1.33 mL, 1.16  
10
-2
 mol) were dissolved in 2.0 ml of dry and degassed methanol and the solution stirred 
at room temperature for 20 minutes.  2,2‘-bipyridine (0.0604 g, 3.86  10-4 mol) was then 
added and the solution stirred for additional 30 minutes.  Pentane  (2.0 mL) was layered 
on top of methanol and the solution placed inside dry box refrigerator at -35 
o
C.  After 24 
hours, colorless crystals were formed, which were washed with 10 mL of pentane and 
dried under vacuum to yield 0.120 g (68%) of [Cu
I
(bpy)(-CH2=CH-C6H5)][CF3SO3].  
1
H NMR (300 MHz, CD2Cl2, 250K):  8.39 (d, J=5.0 Hz, 2H, H6+H6‘), 8.24 (d, J=8.1 
Hz, 2H, H3+H3‘), 8.11 (t, J=7.7 Hz, H4+H4‘), 7.60 (m, 2H, H5+H5‘), 7.51 (d, J=7.5 
Hz, 2H, Sty), 7.27-7.36 (m, 3H, Sty), 6.32 (dd, Jtrans=16 Hz, Jcis=10 Hz, 1H, H

), 5.06 
(d, Jtrans=16 Hz, 1H, H

trans), 4.73 (d, Jcis=10 Hz, 1H, H

cis).  FT IR (solid): 
(C=C)=1529 cm-1. Anal. Calcd. for C19H16CuF3N2O3S: C, 48.25; H, 3.41; N, 5.92.  
Found: C, 48.36; H, 3.42; N, 5.87. 
6.4.3 [CuI(bpy)(-CH2=CHC6H5)][PF6]*1/2CH2=CHC6H5 (2)  
 
The complex was prepared using the procedure for [Cu
I
(bpy)(-CH2=CH-
C6H5)][CF3SO3] except that [Cu
I
(CH3CN)4][PF6] (0.100 g, 2.68  10
-4
 mol) was used 
instead of [Cu
I
(CF3SO3)]2*C6H5CH3.  Yield = 0.105 g (75%).  
1
H NMR (300 MHz, 
CD2Cl2, 180K):  8.55 (ddd, J1=5.0 Hz, J2=1.5 Hz, J3=0.90 Hz, 2H, H6+H6‘), 8.41 (dt, 
J1=8.0 Hz, J2=1.0 Hz, 2H, H3+H3‘), 8.32 (dt, J1=8.0 Hz, J2= 1.7Hz, 2H H4+H4‘), 7.80 
(m, 2H, H5+H5‘), 7.5-7.6 (m, 7.5H, Sty), 6.31 (dd, Jtrans=16 Hz, Jcis=10 Hz, 1.5H, H

), 
5.23 (d, Jtrans=16 Hz, 1.5H, H

trans), 4.74 (d, Jcis=10 Hz, 1.5H, H

cis).  FT IR (solid): 
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(C=C)=1527 cm-1. Anal. Calcd. for C44H40Cu2F12N4P2: C, 50.72; H, 3.87; N, 5.38.  
Found: C, 50.57; H, 3.88; N, 5.18. 
6.4.4 [CuI(bpy)(-CH2=CHC6H5)][ClO4] (3) 
 
The complex was synthesized according to the modified literature procedure, 
starting from [Cu
I
(CH3CN)4][ClO4], 2,2‘-bipyridine and excess styrene 
31
.  The complex 
was obtained in 83% yield.  
1
H NMR (300 MHz, CD2Cl2, 220K):  8.40 (d, J=4.5 Hz, 
2H, H6+H6‘), 8.25 (d, J=8.1 Hz, 2H, H3+H3‘), 8.15 (dt, J1=7.8 Hz, J2= 1.7 Hz, 2H 
H4+H4‘), 7.64 (m, 2H, H5+H5‘), 7.51 (d, J=6.9 Hz, 2H, Sty), 7.30-7.40 (m, 3H, Sty), 
6.33 (dd, Jtrans=16 Hz, Jcis=10 Hz, 1H, H

), 5.17 (d, Jtrans=16 Hz, 1H, H

trans), 4.75 (d, 
Jcis=10 Hz, 1H, H

cis).  FT-IR (solid): (C=C)=1525 cm
-1
. 
6.4.5 General procedure for cyclopropanation of styrene 
 
In a 20-mL Schlenk flask, catalyst precursor (0.0250 mmol, 1 equiv.), 2, 2‘-
bipyridine (0.00380 g, 0.0250 mmol, 1 equiv.) and styrene (1.40 mL, 12.2 mmol, 500 
equiv.) were suspended in CH2Cl2 (1.4 mL) and stirred at room temperature for 10 min.  
To the homogenous solution, EDA (130 L, 1.24 mmol, 50 equiv.) was added in one 
portion and stirred for 2 hours.  Completeness of the reaction was determined by IR 
spectroscopy, as indicated by the disappearance of the absorption of the diazo group (-
N=N-) at 2112 cm
-1
.  The reaction mixture was then exposed to air and the remaining 
copper(II) complex was removed by passing through a basic alumina column. The 
solvent was removed by vacuum evaporation and the product distribution determined by 
1
H NMR in CDCl3. 
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6.4.6 Kinetic studies 
 
A solution at time zero was prepared separately by mixing EDA (260 L, 2.47 
mmol), styrene (2.8 mL, 24.4 mmol) and CH2Cl2 (2.8 mL) and the IR spectrum was 
recorded (νN=N = 2112 cm
-1
).  In a 20-mL Schlenk flask, the solution was prepared by 
dissolving the catalyst precursor (0.0100 mmol, 1.0 equiv.) and 2, 2‘-bipyridine (0.00160 
g, 0.0100 mmol, 1.0 equiv.) in styrene (2.80 mL, 24.7 mmol, 2500 equiv.) and CH2Cl2 
(2.80 mL).  The solution was stirred at room temperature until it became homogeneous 
(10 minutes).  EDA (260 L, 2.47 mmol, 250 equiv.) was then added in one portion.  The 
consumption of EDA was monitored by collecting 0.2 mL of the reaction solution every 
15 minutes and recording the IR spectrum for a period of 3 hours. 
6.4.7 X-ray Crystallography 
 
The X-ray intensity data were collected at room temperature using graphite-
monochromated Mo K radiation (=0.71073 Å) on a Bruker Smart Apex II CCD 
diffractometer.  Data reduction included absorption corrections by the multiscan method 
using SADABS.
47
 Crystal data and experimental conditions are given in Table 1.  
Structures were solved by direct methods and refined by full-matrix least squares using 
SHELXTL 6.1 bundled software package.
48
 The H atoms were positioned geometrically 
(aromatic C-H=0.93 Å, methylene C-H=0.97 Å and methyl C-H=0.96 Å) and treated as 
riding atoms during subsequent refinement, with Uiso(H)=1.2Ueq(C) or 1.5Ueq(methyl C).  
Crystal maker 7.2 was used to generate molecular graphics 
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Chapter 7  
Strong Coordination of Tetraphenylborate Anion to 
Copper(I) Bipyridine and Phenanthroline Based 
Complexes and its Effect on Catalytic Activity in 
Cyclopropanation of Styrene 
 
 
Reproduced in part with permission from Ricardo, C.; Matosziuk, L. M.; Evanseck, J. D.; 
Pintauer, T., Inorg. Chem. 2008, 48 (1), 16-18. Copyright 2008 American Chemical 
Society 
 
 
The synthesis, characterization and cyclopropanation activity of tetrahedral 
copper(I) complexes with bipyridine and phenanthroline based ligands containing 
strongly coordinated tetraphenylborate anions were reported.  Cu
I
(bpy)(BPh4), 
Cu
I
(phen)(BPh4) and Cu
I
(3,4,7,8-Me4phen)(BPh4) complexes are the first examples in 
which BPh4
-
 counterion chelates a transition metal center in bidentate fashion through 2 
-interactions with two of its phenyl rings. 
 
 
7.1 Introduction 
The asymmetric transition metal catalyzed transfer of carbene moieties generated 
from diazo reagents onto the prochiral face of an olefin to form cyclopropane ring is 
widely used reaction in organic synthesis.
1,2
 Effective catalytic systems for this reaction 
require the use of a transition metal complex which facilitates the loss of N2 from the  
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Scheme 7.1. Proposed mechanism for copper(I) catalyzed cyclopropanation of alkenes. 
 
 
diazo reagent, as well as stabilizes intermediate carbene species against competing 
carbene dimerization.  A variety of transition metal complexes have been found to be 
active in cyclopropanation reactions and they include the complexes of Fe, Rh, Ru and 
Cu.  Copper appears to be particularly attractive because of its low cost relative to other 
transition metal complexes.  So far, cationic and neutral copper(I) complexes in 
conjunction with a C2-symmetric nitrogen based ligands have been successfully used in 
cyclopropanation reactions.  However, despite a tremendous effort directed towards 
empirical catalyst development, mechanism of this very important synthetic reaction is 
still not fully understood.  It is generally accepted that copper catalyzed cyclopropanation 
reactions proceed via a copper-carbene complex, as indicated in Scheme 7.1.  However, 
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the details of this process are not well-known. Only very recently, copper-carbene 
complexes have been detected as reaction intermediates in cyclopropanation reactions 
utilizing low temperature NMR measurements and X-ray diffraction.
3-5
 Another key 
mechanistic feature of this reaction includes the role of monomer and counterion, both of 
which are poorly understood.  Mechanistic and computational studies have indicated that 
copper(I)/olefin complexes in these systems might act as either catalytically active 
species or resting states.
6
 Furthermore, the reactivity of cationic copper(I) complexes is 
strongly influenced by the counterion.  Triflates and hexafluorophosphates were found to 
be highly effective catalysts whereas halides, cyanides, acetates and perchlorate showed 
little or no catalytic activity.
6
 
 
 
7.2 Results and Discussion 
 
In a recent study, our research group reported on the synthesis, characterization 
and cyclopropanation activity of a series of well-defined [Cu
I(2,2‘-bpy)(p-M)][A] 
(M=styrene and methyl acrylate; A=ClO4
-
, PF6
-
 and CF3SO3
-
) complexes (Figure 7.1).
7,8
 
In the solid state, all complexes were distorted trigonal pyramidal in geometry and 
copper(I) atom was coordinated by two nitrogen atoms of bpy ligand, two olefinic carbon 
atoms of alkene in the equatorial position, and a weakly coordinated counterion in the 
axial position.  Moreover, in the case of styrene, the axial coordination of counterion 
observed in the solid state was found to have a small effect on the binding constant of 
styrene to [Cu
I
(bpy)]
+
 cations in solution, resulting in similar cyclopropanation activities.  
In our effort to isolate and structurally characterize copper(I)/styrene complexes with 
much weaker coordinating anions, we observed a novel mode of coordination of BPh4
-
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anions to copper(I) complexes with neutral bidentate nitrogen based ligands.  In this 
article, we report on the synthesis, characterization and cyclopropanation activity of 
tetrahedral copper(I) complexes with bipyridine and phenanthroline based ligands 
containing strongly coordinated BPh4
-
 anions.  
CuI
N N
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O O
O
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Figure 7.1. Axial coordination of counterion in [Cu
I(bpy)(π-M)]+ (M = methyl acrylate, 
styrene) complexes. 
 
 
The starting copper(I) complex for the synthesis of Cu
I
(3,4,7,8-Me4phen)(BPh4) 
(1), Cu
I
(bpy)(BPh4) (2) and Cu
I
(phen)(BPh4) (3) was obtained by methathesis of the 
perchlorate salt [Cu
I
(CH3CN)4][ClO4] with NaBPh4 in CH3CN/H2O, according to 
modified literature procedure.
9
 This reaction did not yield the expected 
[Cu
I
(CH3CN)4][BPh4] complex, but rather [Cu
I
(CH3CN)][BPh4], the composition of 
which was confirmed by elemental analysis and 
1
H NMR.  The loss of CH3CN after 
prolonged in vacuo treatment has been observed previously in [Cu
I
(CH3CN)4][BF4] and 
  
272 
[Cu
I
(CH3CN)4][B(C6H5)4] complexes.
10
 We were unable to obtain crystals of 
[Cu
I
(CH3CN)][BPh4] suitable for X-ray diffraction studies, however, based on the
 
Figure 7.2. Molecular structures of [Cu
I
(3,4,7,8-Me4phen)(BPh4)]*3CH2Cl2 (1), 
Cu
I
(bpy)(BPh4) (2) and Cu
I
(phen)(BPh4) (3) shown with thermal ellipsoids at 50% 
probability.  H atoms and solvent molecules have been omitted for clarity. 
 
 
molecular structures of 1, 2 and 3 (Figure 7.2), one possibility would include 
tricoordinated copper(I) complex as indicated in Scheme 7.1.  The reaction of 
[Cu
I
(CH3CN)][BPh4] with stoichiometric amount of bipyridine or phenanthroline based 
ligand in CH2Cl2, followed by slow diffusion of pentane, afforded crystals of 1, 2 and 3 
in 92%, 55% and 40% yield, respectively (Scheme 7.2).   
Shown in Figure 7.2 are the molecular structures of 1-3.  In all three complexes, 
bidentate coordination of the nitrogen ligand was observed (Cu
I
-Nav=2.047(3) Å (1), 
  
2.062(3) Å (2) and 2.055(2) Å (3)) and the distorted tetrahedral coordination around Cu
I
 
atom was completed by two p interactions with C=C double bond of the adjacent phenyl 
rings in BPh4
-
 anion (Cu
I
-Cmid,1-2= 2.289(5) Å (1), 2.148(3) Å (2), 2.121(3) Å (3); Cu
I
-
Cmid,3-4=2.073(4) Å (1), 2.236(6) Å (2), 2.203(3) Å (3)).  Based on extensive literature 
and CCDB searches, such coordination of BPh4
-
 anion to transition metal complexes has 
never been observed before.  With the exception of one example of 2-coordination 
(Cu
I
(NH2CH2CH2NH2)(CO)(
2
-BPh4)), all of the structures reported so far exhibit 
6
-
coordination (e.g. Ru(Cp)(6-BPh4) and Rh(P(OMe3)2(
6
-BPh4)).
11
   
 
 
Scheme 7.2. Synthesis of copper(I) complexes 1-3. 
 
 
The coordination of BPh4
-
 to copper(I) center in 1-3 did not result in a significant 
change in the geometry of the anion.  The bent angle between B atom and adjacent C 
atoms in the coordinated phenyl rings (104.3(2)
o
 (1), 103.1(2)
o
 (2) and 101.92(11)
o
 (3)) 
was slightly smaller than the corresponding angle for the uncoordinated ones (112.3(2)
o
 
(1), 111.3(2)
o
 (2) and 113.84(11)
o
 (3)).  In copper(I) complexes with noncoordinating 
BPh4
-
 anions, these two angles are also different (101-105
o
 and 110-114
o
).
12
  
Furthermore, Cu
I
-C bond distances for -coordinated C=C bonds in phenyl rings  
  
 
Figure 7.3. Partial packing diagram of [Cu
I
(2,9-Me2phen)(CH3CN)][BPh4] showing 
weak C-HC interactions of coordinated CH3CN (a) and 2,9-Me2phen (b) with BPh4
-
 
anion and - stacking interactions between 2,9-Me2phen ligands (c). 
  
(1.412(3) and 1.415(4) Å (1); 1.412(3) and 1.413(4) Å (2); 1.410(2) and 1.4118(18) Å 
(3)) did not change significantly upon coordination. 
The coordination of BPh4
-
 anion to copper(I) center can be suppressed using 
sterically more hindered 2,9-Me2phen. In the case of this ligand, we observed quantitative 
formation of [Cu
I
(2,9-Me2phen)(CH3CN)][BPh4] complex Figure 7.3)  In [Cu
I
(2,9-
Me2phen)(CH3CN)][BPh4], the counterion was found to be non-coordinating.  
Additionally, the crystal structure was stabilized by a series of short C-H•••C contacts 
between BPh4
-
 anion and coordinated CH3CN (2.841(2)-2.867(4) Å), as well as 2,9-
Me2phen (2.866-2.894 Å) (Figure 7.3).  Short contacts were also observed in structurally 
similar [Cu
I
(2,9-Me2phen)(CH3CN)][PF6] complex (Figure 7.3). 
1
H NMR spectrum of 1 in CD2Cl2 appeared relatively sharp at 22 
o
C and was 
fully consistent with solid state X-ray structure.  The corresponding spectra of 2 and 3 
were significantly broadened indicating a fluxional system, which was presumably 
induced by ligand and/or anion association/dissociation.  In all three complexes, the 
proton resonance associated with BPh4
-
 anion were identical to NaBPh4.  In the presence 
of as much as 15 equivalents of alkene (styrene, methyl acrylate and 1-octene), 
1
H NMR 
spectra of 1-3 remained unchanged.  In other words, no visible shielding of vinyl protons 
upon coordination was observed, which is typical for copper(I)/alkene complexes.
12
 This 
results clearly indicate that BPh4
-
 anions strongly coordinate to the copper(I) center.  
In order to further examine the nature of bonding of BPh4
-
 to Cu
I
 in 1-3, 
particularly with respect to s-donation from coordinated C=C bonds in BPh4
-
 and p-
backbonding from Cu
I
, we have conducted additional DFT and NBO calculations (see 
supp. info.).  The results obtained for 1 and 2 using three different basis sets (6-31+G(d), 
  
6-31G(2d,p) and 6-311++G(2d,p)) indicated that s-donation from BPh4
-
 anion to 
copper(I) is the dominant interaction (approximately 75%), with the remaining 25% 
being attributed to classical -backbonding from copper(I).  Also, the NBO calculations 
indicated that B-C n*(Cu) interactions were quite significant, with the charge transfer 
of the interaction totaling approximately half of the typical C=C -n*(Cu) interaction.  
Representative orbital interactions are shown in Figure 7.4. 
 
 
Figure 7.4. NBO orbital interactions between C-C p-bonds (a) and B-C s bonds (b) of the 
BPh4
-
 counterion and n
*
 orbital of copper (>99% s character); and between filled d 
orbitals of copper ((c) LP(4) and (d) LP(5)) and empty C-C p
*
 orbitals of phenyl rings. 
 
 
  
 
Table 7.1. Cyclopropanation of styrene in the presence of EDA catalyzed by 1-3.
a
 
Catalyst 1 2 3 [Cu
I
]/[ClO4]
b
 [Cu
I
]/[PF6]
b
 [Cu
I
]/[CF3SO3]
b
 
Products       
HPh
CO2EtH  
72.4 68.2 73.5 66.9 58.7 58.0 
HH
CO2EtPh  
18.1 18.4 18.9 14.7 25.3 27.0 
H
H CO2Et
EtO2C
 
4.5 7.0 5.2 6.7 9.9 8.0 
H
EtO2C CO2Et
H
 
5.0 3.3 2.4 11.7 6.1 7.0 
a
[Cu
I
]0:[EDA]0:[Sty]0=1:50:500, [Cu
I
]0=1.710
-3
 M, (CH2Cl2, 3h, 25 
o
C), % yield is 
based on 
1
H NMR (rel. err. are ±10%).  
b
Results from previous study with [Cu
I(bpy)(π-
styrene)][A] complexes, ref. 8. 
 
 
 
In order to further investigate the effect of BPh4
-
 coordination in 1-3 on catalytic 
activity, cyclopropanation of styrene in the presence of ehtyldiazoacetate (EDA) was 
conducted.  The reactions were performed in CH2Cl2 at room temperature using standard 
reaction conditions [Cu
I
]0:[Sty]0:[EDA]0=1:500:50.  The product distribution was 
determined by 
1
H NMR and results are summarized in Table 7.1. For all three complexes, 
the relative amounts of EDA decomposition products ranged between 2.4 and 7.0%.  
Furthermore, the mole percent of trans and cis cyclopropane were very similar.  Also, 
when compared to our previous results using well-defined [Cu
I
(bpy)(p-sty)][A] 
complexes, 1-3 appear to be more selective towards trans cyclopropane.
8
  
The observed rate constants (kobs) shown in Figure 7.5 for decomposition of EDA 
in the presence of externally added styrene were determined to be (kobs=(1.5±0.12)10
-3
 
min
-1
 (1), (6.8±0.30)10-3 min-1 (2) and (5.1±0.19)10-3 min-1 (3)).  These rates should  
 
  
 
Figure 7.5. Plots of ln([EDA]0/[EDA]t) vs. time for  cyclopropanation of styrene with 
EDA in CH2Cl2 at 25 
o
C catalyzed by 1 (, kobs=(1.5±0.12)10
-3
 min
-1
), 2 (, 
kobs=(6.8±0.30)10
-3
 min
-1
) and 3 (, kobs=(5.1±0.19)10
-3
 min
-1
).  
[Cu
I
]0:[EDA]0:[Styrene]0=1:250:2500, [Cu
I
]0=1.7110
-3
 M, kobs and relative errors were 
calculated from two independent kinetic runs 
 
 
depend on the equilibrium constants KO and KL, corresponding to the formation of  
[Cu
I
(NN)(p-olefin)][A] and [Cu
I
(NN)2][A] complexes, respectively (Scheme 7.2). 
However, our previous results using [Cu
I
(bpy)(p-Sty)][A] complexes indicated that kobs 
and KO were relatively independent on the nature of counterion ((1.4±0.041)10
-2
 min
-1
 
and 4.3103 M-1 (A=CF3SO3
-
) and  (1.0±0.025)10-2 min-1 and 4.4103 M-1 (A=PF6
-
), 
respectively).
8
 Therefore, assuming constant value for KL, the most reasonable 
explanation for the decrease in the observed rate constant for decomposition of EDA in 
the case of 1-3 can be attributed to relatively strong coordination of BPh4
-
 anion.  
  
Furthermore, these data also indicate that the binding constant of BPh4
-
 in 1 is stronger 
than in 2 or 3, which is presumably induced by the stronger coordination of 3,4,7,8-
Me4phen (pKa=6.58), relative to bpy (pKa=4.60) or phen (pKa=4.80).  Detailed kinetic, 
mechanistic and computational studies of the catalytic activity of copper(I) complexes 1-
3 in cyclopropanation are subject to further investigation in our laboratories. 
 
 
7.3 Summary and Conclusions 
 
In conclusion, synthesis, characterization and cyclopropanation activity of 
tetrahedral copper(I) complexes with bipyridine and phenanthroline based ligands 
containing strongly coordinated BPh4
-
 counterions were reported.  These complexes are 
the first examples in which BPh4
-
 anion ligates a transition metal center in bidentate 
fashion through 2  -interactions with two of its phenyl rings. 
 
7.4 Experimental 
 
7.4.1 General Procedures 
 
All materials were obtained commercially and used as received.  
[Cu
I
(CH3CN)4][ClO4] was prepared according to the literature procedure.
13
 Solvents 
(methylene chloride, pentane, acetonitrile and methanol) were degassed and 
deoxygenated using Innovative Technology solvent purifier.  All manipulations were 
performed under argon atmosphere in a dry box (<1.0 ppm of O2 and <0.5 ppm of H2O) 
or using standard Schlenk line techniques.  
1
H NMR spectra were obtained using Bruker 
Avance 400 MHz spectrometer and chemical shifts are given in ppm relative to residual 
solvent peaks (δ(CD2Cl2) = 5.32 and δ(CDCl3) = 7.26).  
13
C NMR spectra were obtained 
  
using Varian Unity Plus 500 MHz FT-NMR spectrometer and chemical shifts are given 
in ppm relative to residual solvent peaks ((δ(CD2Cl2) = 53.8 and δ(CDCl3) = 77.0).  IR 
spectra were recorded in the solid state or solution using Nicolet Smart Orbit 380 FT-IR 
spectrometer (Thermo Electron Corporation).  UV-Vis spectra were recorded using 
Beckman DU530 spectrometer.  Elemental analyses for C, H and N were obtained from 
Midwest Microlab, LLC.  CAUTION: Perchlorate metal salts are potentially explosive 
and were handled in small quantities and under argon atmosphere. 
7.4.2 Synthesis of CuI(BPh4)(CH3CN) 
 
Cu
I
(BPh4)(CH3CN)] was prepared using modified procedure for the synthesis of 
[Cu
I
(CH3CN)4][B(C6F5)4].
14
 In a typical experiment, [Cu
I
(CH3CN)4][ClO4] (0.500 g, 1.53 
mmol) and NaBPh4 (0.523 g, 1.53 mmol) were placed in a Schlenk flask under Ar and 15 
mL of CH3CN added.  The mixture was stirred at room temperature for 30 minutes and 
50 mL of degassed H2O added (via Ar bubbling).  The addition of H2O resulted in a 
formation of a tan precipitate.  This tan precipitate was isolated by filtration under Ar 
(coarse porosity Schlenk filter frit) and placed under vacuum overnight.  Off-white 
Cu
I
(BPh4)(CH3CN) (0.480 g, 74% yield) was transferred into the glove box and stored at 
-35 
o
C.  Cu
I
(BPh4)(CH3CN) can alternatively be synthesized using commercially 
available [Cu
I
(CH3CN)4][PF6] in 65-70% yield.  
1
H NMR (300 MHz, CD2Cl2, RT):  δ7.1-
8.1 (m, 20H, BPh4
-), δ1.96 (s, 3H, CH3CN).  FT IR (solid): cm
-1
, 3051m, 3000w, 2364w 
(CH3CN), 2336w (CH3CN), 1592w, 1582w, 1558w, 1478m, 1425m, 1248m, 1177m, 
1063m, 1024m, 853m, 733s, 700s, 605s.  Anal. Calcd. for C26H23BCuN: C, 73.68; H, 
5.47; N, 3.30.  Found: C, 73.12; H, 5.40; N, 3.35.   
 
  
7.4.3 Synthesis of CuI(BPh4)(3,4,7,8-Me4phen) (1) 
 
Cu
I
(BPh4)(CH3CN) (0.100 g, 0.236 mmol) and 3,4,7,8-tetramethyl-1,10-
phenanthroline (0.0558 g, 0.236 mmol) were mixed in 2 mL of methylene chloride at 
room temperature and stirred for 30 minutes.  The resulting mixture was layered with 2 
mL of pentane and placed in the glove box refrigerator at -35 
o
C.  After 24 hours, yellow 
needless which were obtained were filtered, washed several times with pentane, and dried 
under vacuum to yield 0.135 g (92% yield) of Cu
I
(BPh4)(3,4,7,8-Me4phen).  Crystals 
suitable for X-ray analysis were obtained by slow diffusion of pentane into a 
dichloromethane solution of the copper complex at -35 
o
C. 
1
H NMR (300 MHz, CD2Cl2, 
RT): δ8.15 (bs, 2H, -NCHC-, 3,4,7,8-Me4phen), δ8.00 (bs, 2H, -CCHC-, 3,4,7,8-
Me4phen), δ7.56 (bs, 8H, o-H, BPh4
-), δ6.97 (t, J=7.4 Hz, 8H, m-H, BPh4
-), δ6.70 (t, 
J=7.0 Hz, 4H, p-H, BPh4
-), δ2.64 (s, 6H, Me, 3,4,7,8-Me4-phen), δ2.47 (s, 6H, Me, 
3,4,7,8-Me4-phen).  
13
C NMR (125.78 MHz, CD2Cl2, RT): BPh4
-: δ154.5, δ137.4, δ131.1, 
δ127.1, 3,4,7,8-Me4phen: δ143.2, δ140.5, δ137.4, δ132.1, δ131.5, δ127.1, δ22.1 (Me), 
δ19.3 (Me).  FT IR (solid): cm-1, 3036m, 2985m, 1619w, 1593w, 1581w, 1521m, 1479m, 
1457m, 1426m, 1388m, 1243m, 1179w, 809m, 732s, 720s, 704s, 605s.  Anal. Calcd. for 
C40H36BCuN2: C, 77.60; H, 5.86; N, 4.52.  Found: C, 77.29; H, 5.89; N, 4.53. 
7.4.4 Synthesis of CuI(BPh4)(bpy) (2) 
 
The complex was prepared using the procedure for Cu
I
(BPh4)(3,4,7,8-Me4phen) 
except that 2,2‘-bipyridine (0.0369 g, 0.236 mmol) was used instead of 3,4,7,8-
tetramethyl-1,10-phenanthroline.  Yield = 0.0920 g (73 %).  
1
H NMR (300 MHz, CD2Cl2, 
RT): δ7.6-8.4 (b, 6H, bpy), δ7.2-7.4 (b, 2H, bpy), δ7.41 (bs, 8H, o-H, BPh4
-), δ6.92 (t, 
J=7.4 Hz, 8H, m-H, BPh4
-), δ6.70 (t, J=7.4 Hz, 4H, p-H, BPh4
-
).  FT-IR (solid): cm
-1
, 
  
3052m, 2993m, 1592m, 1677m, 1435m, 1310m, 1146m, 1064w, 1027m, 847w, 745s, 
729s, 703s, 606s.  Anal. Calcd. for C34H28BCuN2: C, 75.77; H, 5.24; N, 5.20.  Found: C, 
75.45; H, 5.14; N, 5.23.  Crystals suitable for X-ray analysis were obtained by slow 
diffusion of pentane into a methylene chloride solution of the copper complex at -35 
o
C. 
7.4.5 Synthesis of CuI(BPh4)(phen) (3) 
 
The complex was prepared using the procedure for Cu
I
(BPh4)(3,4,7,8-Me4phen) 
except that 1,10-phenanthroline (0.0425 g, 0.236 mmol) was used instead of 3,4,7,8-
tetramethyl-1,10-phenanthroline.  Yield = 0.0860 g (65 %).  
1
H NMR (300 MHz, CD2Cl2, 
RT): δ7.6-9.0 (b, 8H, phen), δ7.48 (bs, 8H, o-H, BPh4
-), δ6.92 (t, J=7.3 Hz, 8H, m-H, 
BPh4
-), δ6.64 (t, J=7.1 Hz, 4H, p-H, BPh4
-
).  FT IR (solid): cm
-1
, 3049m, 3027m, 2993m, 
1623w, 1577w, 1509m, 1465m, 1420m, 1140m, 1023m, 837s, 739s, 722s, 702s, 637w, 
599s.  Anal. Calcd. for C36H28BCuN2: C, 76.80; H, 5.01; N, 4.98.  Found: C, 76.69; H, 
5.01; N, 5.15.  Crystals suitable for X-ray analysis were obtained by slow diffusion of 
pentane into a methylene chloride solution of the copper complex at -35 
o
C. 
7.4.6 General Procedure for Cyclopropanation of Styrene   
 
In a 20-mL Schlenk flask, copper(I) complex (0.0250 mmol, 1 equiv.) and  
styrene (1.40 mL, 12.2 mmol, 500 equiv.) were suspended in CH2Cl2 (1.4 mL) and stirred 
at room temperature for 10 min.  To the homogenous solution, EDA (130 L, 1.24 mmol, 
50 equiv.) was added in one portion and stirred for 2 hours.  Completeness of the reaction 
was determined by IR spectroscopy, as indicated by the disappearance of the absorption 
of the diazo group (-N=N-) at 2112 cm
-1
.  The reaction mixture was then exposed to air 
and the remaining copper(II) complex was removed by passing through a basic alumina 
  
column. The solvent was removed by vacuum evaporation and the product distribution 
determined by 
1
H NMR in CDCl3. 
7.4.7 Kinetic Studies.   
 
A solution at time zero was prepared separately by mixing EDA (260 L, 2.47 
mmol), styrene (2.8 mL, 24.4 mmol) and CH2Cl2 (2.8 mL) and the IR spectrum was 
recorded (νN=N = 2112 cm
-1
).  In a 20-mL Schlenk flask, the solution was prepared by 
dissolving copper(I) complex in styrene (2.80 mL, 24.7 mmol, 2500 equiv.) and CH2Cl2 
(2.80 mL).  The solution was stirred at room temperature until it became homogeneous 
(10 minutes).  EDA (260 L, 2.47 mmol, 250 equiv.) was then added in one portion.  The 
consumption of EDA was monitored by collecting 0.2 mL of the reaction solution every 
15 minutes and recording the IR spectrum for a period of 3 hours.   
7.4.8 X-ray Crystal Structure Determination.   
 
The X-ray intensity data were collected at room temperature or 120 K using 
graphite-monochromated Mo Kα radiation (λ=0.71073 Å) on a Bruker Smart Apex II 
CCD diffractometer.  Data reduction included absorption corrections by the multiscan 
method using SADABS.
15
  Crystal data and experimental conditions are given in Table 
S1.  Structures were solved by direct methods and refined by full-matrix least squares 
using SHELXTL 6.1 bundled software package.
16
  The H atoms were positioned 
geometrically (aromatic C-H=0.93 Å, methylene C-H=0.97 Å and methyl C-H=0.96 Å) 
and treated as riding atoms during subsequent refinement, with Uiso(H)=1.2Ueq(C) or 
1.5Ueq(methyl C).   The methyl groups were allowed to rotate about their local threefold 
axes.  ORTEP-3 for Windows and Crystal Maker 8.1 were used to generate molecular 
graphics.
17
 
  
7.4.9 DFT Calculations 
 
All electronic structure calculations were carrier out using the computational 
resources at the Center for Computational Sciences at Duquesne University.  Two 
Cu(L)(BPh4) (L=3,4,7,8-Me4phen (2) and 2,2‘-bipyridine (1)) were geometry optimized 
using B3LYP/6-31G(d).  The results showed excellent agreement with experimentally 
determined crystal structures.  CHARM
6
 was used to calculate the RMSD between the 
heavy atoms of the optimized and experimentally determined structures.  The RMSD 
between the X-ray crystal structure and the B3LYP/31-G(d) optimized structure is 0.56 Å 
and 0.34 Å for 1 and 2 respectively.  Geometry optimization was also performed on 1 
using MP2/6-31G(d).  The RMSD between the X-ray structure and the MP2 optimized 
structure is 0.85 Å.  Several key bond distances were measured and compared to 
experimentally determined molecular structures (Table S4 and Figures S12-S14).  NBO 
single point calculations were performed only on B3LYP optimized structures and NBO 
single point were employed with B3LYP in conjunction with 6-31+G(d), 6-311G(2d,p) 
and 6-311++G(2d,p).  Only the comparison between 6-311G(2d,p) and 6-311++G(2d,p) 
basis sets have been made and both sets yielded the same trend (Table F.6 and Table F.7). 
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AppendixA  
 
Spectroscopic Data for Products Obtained from Copper-Catalyzed Atom Transfer Radical Cascade Reactions in 
the Presence of Diazo Radical Initiators as Reducing Agents. 
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Figure A.1. 
1
H NMR of 5,7,7,7-Tetrachloro-1-heptene (A). 
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Figure A.2. 
13
C NMR of 5,7,7,7-Tetrachloro-1-heptene (A). 
 
Figure A.3. 
1
H NMR of 1,1,5-Trichloro-2-chloromethylcyclohexane (B). 
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Figure A.4. 
1
H-
1
H COSY of 1,1,5-Trichloro-2-chloromethylcyclohexane (B). 
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Figure A.5. 
1
H NMR of 1-Chloro-3-(2,2,2,-trichloroethyl)cyclopentane (C). 
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Figure A.6 
13
C NMR of 1-Chloro-3-(2,2,2,-trichloroethyl)cyclopentane (C). 
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 Figure A.7. 
1
H NMR of 1,1,1,3,6,8,8,8-Octachlorooctane (D). 
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Figure A.8.
1
H NMR of 5,7,7,7-Tetrabromo-1-heptene (A2). 
  
2
9
5
 
 
Figure A.9. 
1
H NMR of 1,1,5-Tribromo-2-bromomethylcyclohexane (B2). 
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Figure A.10. 
13
C NMR of 1,1,5-Tribromo-2-bromomethylcyclohexane (B2). 
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Figure A.11. 
13
C NMR of 1,1,5-Tribromo-2-bromomethylcyclohexane (B2). 
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Figure A.12. DEPT NMR of 1,1,5-Tribromo-2-bromomethylcyclohexane (B2). 
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Figure A.13. 
1
H NMR of 1-Bromo-3-(2,2,2,-tribromoethyl)cyclopentane (C2). 
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Figure A.14. 
1
H NMR (CD3Cl, RT, 400 MHz) spectrum of a mixture of cis and trans 1-(3-(Chloromethyl)-4-(2,2,2-
trichloroethyl)pyrrolidin-1-yl)-2,2,2-trifluoroethanone. 
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Appendix B  
 
B.1 Spectroscopic Data 
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Figure B.1. 
1
H NMR of methyl allyl acrylate (3). 
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Figure B.2. 
1
H NMR of phenylallyl acrylate (4). 
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Figure B.3. 
1
H NMR of dimethylallyl acrylate (5). 
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Figure B.4. 
1
H NMR of ethylmethylallyl acrylate (6). 
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Figure B.5. 
1
H NMR of dimethylallyl methacrylate (7). 
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Figure B.6. 
1
H NMR of -lactone. 
  
3
0
8
 
 
Figure B.7.  
13
C NMR of  -lactone. 
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Appendix C  
 
C.1 Spectroscopic Data of Products Obtained from One-Pot Sequential 
Azide-Alkyne [3+2] Cycloaddition and Atom Transfer Radical 
Addition (ATRA) 
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Figure C.1.
1
H-
1
H COSY spectrum of 3-(4-(hydroxymethyl)-1H-1,2,3-triazol-1-yl)propyl 
2,4,4,4-tetrachloro-2-methylbutanoate (3a). 
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Figure C.2. 
13
C-
1
H HETCOR spectrum of 3-(4-(hydroxymethyl)-1H-1,2,3-triazol-1-
yl)propyl 2,4,4,4-tetrachloro-2-methylbutanoate (3a). 
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Figure C.3. 
13
H NMR spectrum of 3-(4-phenyl-1H-1,2,3-triazol-1-yl)propyl methacrylate (1). 
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Figure C.4. 
13
C NMR spectrum of 3-(4-phenyl-1H-1,2,3-triazol-1-yl)propyl methacrylate (1). 
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Figure C.5. 
1
H NMR spectrum of 3-(4-(3,4-difluorophenyl)-1H-1,2,3-triazol-1-yl)propyl methacrylate (2). 
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Figure C.6. 
1
H NMR spectrum of 3-(4-(hydroxymethyl)-1H-1,2,3-triazol-1-yl)propyl methacrylate (3). 
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Figure C.7. 
13
C NMR spectrum of 3-(4-(hydroxymethyl)-1H-1,2,3-triazol-1-yl)propyl methacrylate (3). 
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Figure C.8. 
1
H NMR spectrum of methyl 1-(3-(methacryloyloxy)propyl)-1H-1,2,3-triazole-4-carboxylate (5). 
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Figure C.9. 
13
C NMR spectrum of methyl 1-(3-(methacryloyloxy)propyl)-1H-1,2,3-triazole-4-carboxylate (5). 
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Figure C.10. 
1
H NMR spectrum of ethyl 1-(3-(methacryloyloxy)propyl)-1H-1,2,3-triazole-4-carboxylate (6). 
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Figure C.11. 
13
C NMR spectrum of ethyl 1-(3-(methacryloyloxy)propyl)-1H-1,2,3-triazole-4-carboxylate (6). 
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Figure C.12. 
1
H NMR spectrum of 3-(4-phenyl-1H-1,2,3-triazol-1-yl)propyl 2,4,4,4-tetrachloro-2-methylbutanoate (1a). 
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Figure C.13. 
13
C NMR spectrum of 3-(4-phenyl-1H-1,2,3-triazol-1-yl)propyl 2,4,4,4-tetrachloro-2-methylbutanoate (1a). 
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Figure C.14.
1
H NMR spectrum of 3-(4-(3,4-difluorophenyl)-1H-1,2,3-triazol-1-yl)propyl-2,4,4,4-tetrachloro-2-methylbutanoate (2a). 
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Figure C.15. 
13
C NMR spectrum of 3-(4-(3,4-difluorophenyl)-1H-1,2,3-triazol-1-yl)propyl-2,4,4,4-tetrachloro-2-methylbutanoate 
(2a). 
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Figure C.16. 
1
H NMR spectrum of 3-(4-(hydroxymethyl)-1H-1,2,3-triazol-1-yl)propyl-2,4,4,4-tetrachloro-2-methylbutanoate (3a). 
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Figure C.17. 
13
C NMR spectrum of 3-(4-(hydroxymethyl)-1H-1,2,3-triazol-1-yl)propyl-2,4,4,4-tetrachloro-2-methylbutanoate (3a). 
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Figure C.18. 
1
H NMR spectrum of methyl-1-(3-(2,4,4,4-tetrachloro-2-methylbutanoyloxy)propyl)-1H-1,2,3-triazole-4-carboxylate 
(5a). 
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Figure C.19. 
13
C NMR spectrum of methyl-1-(3-(2,4,4,4-tetrachloro-2-methylbutanoyloxy)propyl)-1H-1,2,3-triazole-4-carboxylate 
(5a). 
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Figure C.20. 
1
H NMR spectrum of of ethyl-1-(3-(2,4,4,4-tetrachloro-2-methylbutanoyloxy)propyl)-1H-1,2,3-triazole-4-carboxylate 
(6a). 
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Figure C.21. 
13
C NMR spectrum of ethyl-1-(3-(2,4,4,4-tetrachloro-2-methylbutanoyloxy)propyl)-1H-1,2,3-triazole-4-carboxylate 
(6a). 
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Figure C.22. 
1
H NMR spectrum of methyl-1-(3-(2,4,4,4-tetrabromo-2-methylbutanoyloxy)propyl)-1H-1,2,3-triazole-4-carboxylate 
(12a). 
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Figure C.23. 
13
C NMR spectrum of methyl-1-(3-(2,4,4,4-tetrachloro-2-methylbutanoyloxy)propyl)-1H-1,2,3-triazole-4-carboxylate 
(12a). 
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Figure C.24. 
13
C NMR of 1-ethyl 5-(3-(4-(methoxycarbonyl)-1H-1,2,3-triazol-1-yl)propyl) 2,2,4-trichloro-4-methylpentanedioate 
(13a). 
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Figure C.25. 
13
C NMR of 1-ethyl 5-(3-(4-(methoxycarbonyl)-1H-1,2,3-triazol-1-yl)propyl) 2,2,4-trichloro-4-methylpentanedioate 
(13a). 
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Figure C.26. 
1
H NMR of 1-ethyl 5-(3-(4-(methoxycarbonyl)-1H-1,2,3-triazol-1-yl)propyl) 2,4-dichloro-4-methylpentanedioate (15a). 
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Figure C.27. 
13
C NMR of 1-ethyl 5-(3-(4-(methoxycarbonyl)-1H-1,2,3-triazol-1-yl)propyl) 2,4-dichloro-4-methylpentanedioate (15a). 
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Figure C.28. 
1
H NMR of  1-(3-(4-(methoxycarbonyl)-1H-1,2,3-triazol-1-yl)propyl) 5-methyl 2,4-dichloro-2-methylpentanedioate 
(16a). 
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Figure C.29. 
1
H NMR of methyl 1-(3-(2,4-dichloro-4-cyano-2-methylbutanoyloxy)propyl)-1H-1,2,3-triazole-4-carboxylate  (17a). 
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Figure C.30. 
13
C NMR of methyl 1-(3-(2,4-dichloro-4-cyano-2-methylbutanoyloxy)propyl)-1H-1,2,3-triazole-4-carboxylate  (17a). 
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Figure C.31. 
1
H NMR spectrum of 4-phenyl-1-(4-(1,3,3,3-tetrachloropropyl)benzyl)-1H-1,2,3-triazole (19a). 
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Figure C.32. 
13
C NMR spectrum of 4-phenyl-1-(4-(1,3,3,3-tetrachloropropyl)benzyl)-1H-1,2,3-triazole (19a). 
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Figure C.33. 
1
H NMR spectrum of methyl 1-(4-vinylbe)nzyl)-1H-1,2,3-triazole-4-carboxylate (22). 
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Figure C.34. 
13
C NMR of spectrum of methyl 1-(4-vinylbenzyl)-1H-1,2,3-triazole-4-carboxylate (22). 
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Figure C.35. 
1
H NMR spectrum of methyl 1-(4-(1,3,3,3-tetrachloropropyl)benzyl)-1H-1,2,3-triazole-4-carboxylate (22a). 
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Figure C.36. 
13
C NMR spectrum of methyl 1-(4-(1,3,3,3-tetrachloropropyl)benzyl)-1H-1,2,3-triazole-4-carboxylate (22a). 
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Figure C.37. 
13
C NMR spectrum of methyl 1-(4-(1,3,3-trichloropropyl)benzyl)-1H-1,2,3-triazole-4-carboxylate (28a). 
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Figure C.38. 
1
H NMR spectrum of methyl 1-(4-(1,3,3-trichloro-4-ethoxy-4-oxobutyl)benzyl)-1H-1,2,3-triazole-4-carboxylate (23a). 
  
3
4
7
 
 
Figure C.39. 
13
C NMR spectrum of methyl 1-(4-(1,3,3-trichloro-4-ethoxy-4-oxobutyl)benzyl)-1H-1,2,3-triazole-4-carboxylate (23a). 
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Figure C.40. 
1
H NMR spectrum of methyl 1-(4-(1,3,3-trichloro-4-methoxy-4-oxobutyl)benzyl)-1H-1,2,3-triazole-4-carboxylate (24a). 
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Figure C.41. 
13
C NMR spectrum of methyl 1-(4-(1,3,3-trichloro-4-methoxy-4-oxobutyl)benzyl)-1H-1,2,3-triazole-4-carboxylate 
(24a). 
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C.2 Crystallographic Information 
 
Table C.1. Crystal data and structure  refinement for 12a.  
 
      Identification code               12a  
   
      Empirical formula                 C12 H15 Br4 N3 O4  
   
      Formula weight                    584.91  
   
      Temperature                       296(2) K  
   
      Wavelength                        0.71073 A  
   
      Crystal system, space group       Monoclinic,  P 21/n  
   
      Unit cell dimensions              a = 11.6637(4) A      alpha = 90 deg.  
                                                     b = 6.0493(2) A          beta = 98.406(2) deg.  
                                                     c = 26.2815(9) A   gamma = 90 deg.  
   
      Volume                            1834.43(11) A^3  
   
      Z, Calculated density             4,  2.118 Mg/m^3  
   
      Absorption coefficient            8.795 mm^-1  
   
      F(000)                            1120  
   
      Crystal size                      0.32 x 0.09 x 0.05 mm  
   
      Theta range for data collection   1.57 to 26.19 deg.  
   
      Limiting indices                  -14<=h<=14, -7<=k<=7, -32<=l<=32  
   
      Reflections collected / unique    21440 / 3654 [R(int) = 0.0426]  
   
      Completeness to theta = 26.19     99.0 %  
   
      Absorption correction             Semi-empirical from equivalents  
   
      Max. and min. transmission        0.6930 and 0.1676  
   
      Refinement method                 Full-matrix least-squares on F^2  
   
      Data / restraints / parameters    3654 / 0 / 210  
   
      Goodness-of-fit on F^2            1.363  
   
      Final R indices [I>2sigma(I)]     R1 = 0.0587, wR2 = 0.1796  
   
      R indices (all data)              R1 = 0.0785, wR2 = 0.1947  
   
      Largest diff. peak and hole       2.685 and -1.162 e.A^-3  
Table C.2. Atomic coordinates ( x 10^4) and equivalent isotropic displacement 
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parameters (A^2 x 10^3) for 12a. U(eq) is defined as one third of the trace of the 
orthogonalized Uij tensor.  
          ________________________________________________________________  
   
                         x             y             z           U(eq)  
         ________________________________________________________________  
   
          Br(1)        9646(1)      11928(1)        891(1)       49(1)  
          Br(2)       10427(1)      10607(2)       2886(1)       62(1)  
          Br(3)       12352(1)      11645(2)       1241(1)       64(1)  
          Br(4)       10886(1)       7367(2)        989(1)       71(1)  
          C(3)        10447(6)      11869(12)      2191(3)       37(2)  
          C(1)        10866(6)      10281(12)      1303(3)       40(2)  
          C(2)        10637(6)       9918(12)      1848(3)       38(2)  
          C(5)         9245(6)      12978(13)      2076(3)       38(2)  
          C(8)         6605(7)      10001(15)      1140(3)       52(2)  
          C(4)        11404(6)      13698(12)      2277(3)       43(2)  
          C(7)         6400(6)      10615(14)      1669(3)       46(2)  
          C(11)        3244(6)       6013(13)       145(3)       39(2)  
          C(9)         4761(6)       8706(13)       583(3)       42(2)  
          C(10)        4324(6)       6632(12)       483(3)       38(2)  
          O(1)         8386(4)      11480(8)       1981(2)       41(1)  
          O(4)         2637(5)       7381(10)       -96(2)       59(2)  
          O(3)         3056(5)       3872(9)        147(2)       51(1)  
          N(2)         5929(5)       6202(12)       988(2)       50(2)  
          N(3)         5075(6)       5141(11)       742(2)       48(2)  
          N(1)         5756(5)       8388(11)       896(2)       41(1)  
          O(2)         9098(5)      14916(8)       2082(2)       56(2)  
          C(12)        2020(8)       3144(16)      -164(4)       61(2)  
          C(6)         7213(6)      12401(14)      1896(3)       51(2)  
         ________________________________________________________________  
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Table C.3. Bond lengths [A] and angles [deg] for 12a.  
           _____________________________________________________________  
   
            Br(1)-C(1)                    1.934(7)  
            Br(2)-C(3)                    1.983(7)  
            Br(3)-C(1)                    1.947(7)  
            Br(4)-C(1)                    1.948(7)  
            C(3)-C(2)                     1.521(10)  
            C(3)-C(5)                     1.544(10)  
            C(3)-C(4)                     1.565(10)  
            C(1)-C(2)                     1.510(10)  
            C(2)-H(2A)                    0.9700  
            C(2)-H(2B)                    0.9700  
            C(5)-O(2)                     1.185(9)  
            C(5)-O(1)                     1.346(9)  
            C(8)-N(1)                     1.469(10)  
            C(8)-C(7)                     1.493(11)  
            C(8)-H(8A)                    0.9700  
            C(8)-H(8B)                    0.9700  
            C(4)-H(4A)                    0.9600  
            C(4)-H(4B)                    0.9600  
            C(4)-H(4C)                    0.9600  
            C(7)-C(6)                     1.502(10)  
            C(7)-H(7A)                    0.9700  
            C(7)-H(7B)                    0.9700  
            C(11)-O(4)                    1.206(9)  
            C(11)-O(3)                    1.314(10)  
            C(11)-C(10)                   1.479(10)  
            C(9)-N(1)                     1.334(9)  
            C(9)-C(10)                    1.365(10)  
            C(9)-H(9)                     0.9300  
            C(10)-N(3)                    1.367(9)  
            O(1)-C(6)                     1.465(9)  
            O(3)-C(12)                    1.426(9)  
            N(2)-N(3)                     1.278(9)  
            N(2)-N(1)                     1.354(10)  
            C(12)-H(12A)                  0.9600  
            C(12)-H(12B)                  0.9600  
            C(12)-H(12C)                  0.9600  
            C(6)-H(6A)                    0.9700  
            C(6)-H(6B)                    0.9700  
   
            C(2)-C(3)-C(5)              115.4(6)  
            C(2)-C(3)-C(4)              118.2(6)  
            C(5)-C(3)-C(4)              109.2(6)  
            C(2)-C(3)-Br(2)             105.7(5)  
            C(5)-C(3)-Br(2)             102.4(5)  
            C(4)-C(3)-Br(2)             104.0(5)  
            C(2)-C(1)-Br(1)             112.9(5)  
            C(2)-C(1)-Br(3)             115.1(5)  
            Br(1)-C(1)-Br(3)            109.0(3)  
            C(2)-C(1)-Br(4)             106.5(5)  
            Br(1)-C(1)-Br(4)            106.4(3)  
            Br(3)-C(1)-Br(4)            106.4(3)  
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            C(1)-C(2)-C(3)              120.7(6)  
            C(1)-C(2)-H(2A)             107.2  
            C(3)-C(2)-H(2A)             107.2  
            C(1)-C(2)-H(2B)             107.2  
            C(3)-C(2)-H(2B)             107.2  
            H(2A)-C(2)-H(2B)            106.8  
            O(2)-C(5)-O(1)              124.3(7)  
            O(2)-C(5)-C(3)              123.8(7)  
            O(1)-C(5)-C(3)              111.9(6)  
            N(1)-C(8)-C(7)              112.5(6)  
            N(1)-C(8)-H(8A)             109.1  
            C(7)-C(8)-H(8A)             109.1  
            N(1)-C(8)-H(8B)             109.1  
            C(7)-C(8)-H(8B)             109.1  
            H(8A)-C(8)-H(8B)            107.8  
            C(3)-C(4)-H(4A)             109.5  
            C(3)-C(4)-H(4B)             109.5  
            H(4A)-C(4)-H(4B)            109.5  
            C(3)-C(4)-H(4C)             109.5  
            H(4A)-C(4)-H(4C)            109.5  
            H(4B)-C(4)-H(4C)            109.5  
            C(8)-C(7)-C(6)              111.8(7)  
            C(8)-C(7)-H(7A)             109.3  
            C(6)-C(7)-H(7A)             109.3  
            C(8)-C(7)-H(7B)             109.3  
            C(6)-C(7)-H(7B)             109.3  
            H(7A)-C(7)-H(7B)            107.9  
            O(4)-C(11)-O(3)             126.3(7)  
            O(4)-C(11)-C(10)            121.6(7)  
            O(3)-C(11)-C(10)            112.1(6)  
            N(1)-C(9)-C(10)             104.7(7)  
            N(1)-C(9)-H(9)              127.7  
            C(10)-C(9)-H(9)             127.7  
            C(9)-C(10)-N(3)             108.4(6)  
            C(9)-C(10)-C(11)            127.6(6)  
            N(3)-C(10)-C(11)            124.0(7)  
            C(5)-O(1)-C(6)              115.2(6)  
            C(11)-O(3)-C(12)            115.5(7)  
            N(3)-N(2)-N(1)              108.4(6)  
            N(2)-N(3)-C(10)             108.4(6)  
            C(9)-N(1)-N(2)              110.1(6)  
            C(9)-N(1)-C(8)              130.0(7)  
            N(2)-N(1)-C(8)              119.9(6)  
            O(3)-C(12)-H(12A)           109.5  
            O(3)-C(12)-H(12B)           109.5  
            H(12A)-C(12)-H(12B)         109.5  
            O(3)-C(12)-H(12C)           109.5  
            H(12A)-C(12)-H(12C)         109.5  
            H(12B)-C(12)-H(12C)         109.5  
            O(1)-C(6)-C(7)              108.0(6)  
            O(1)-C(6)-H(6A)             110.1  
            C(7)-C(6)-H(6A)             110.1  
            O(1)-C(6)-H(6B)             110.1  
            C(7)-C(6)-H(6B)             110.1  
            H(6A)-C(6)-H(6B)            108.4  
           _____________________________________________________________     
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Table C.4. Anisotropic displacement parameters (A^2 x 10^3) for 12a. The anisotropic 
displacement factor exponent takes the form: -2 pi^2 [ h^2 a*^2 U11 + ... + 2 h k a* b* 
U12 ]  
      _______________________________________________________________________  
   
              U11        U22        U33        U23        U13        U12  
    _______________________________________________________________________  
   
    Br(1)    50(1)      47(1)      47(1)      10(1)      -2(1)       0(1)  
    Br(2)    64(1)      75(1)      47(1)      11(1)       5(1)      10(1)  
    Br(3)    45(1)      76(1)      72(1)      -1(1)      13(1)      -6(1)  
    Br(4)   105(1)      42(1)      66(1)     -11(1)      13(1)       9(1)  
    C(3)     38(4)      37(4)      34(3)       1(3)      -1(3)       5(3)  
    C(1)     46(4)      31(4)      45(4)      -3(3)       9(3)       3(3)  
    C(2)     35(4)      34(4)      42(4)       4(3)      -3(3)       4(3)  
    C(5)     33(4)      43(4)      36(3)      -3(3)      -2(3)       4(3)  
    C(8)     51(5)      59(5)      45(4)      -4(4)       7(4)     -13(4)  
    C(4)     29(4)      31(4)      68(5)      -9(3)       5(3)      -7(3)  
    C(7)     31(4)      55(5)      50(4)      -9(4)       0(3)      -9(3)  
    C(11)    39(4)      44(4)      33(3)      -4(3)       5(3)       0(3)  
    C(9)     46(4)      44(4)      36(4)       4(3)       4(3)      -1(3)  
    C(10)    42(4)      36(4)      33(3)       6(3)       2(3)       5(3)  
    O(1)     30(2)      32(3)      57(3)       0(2)      -3(2)      -1(2)  
    O(4)     55(4)      52(4)      63(4)       5(3)     -11(3)       5(3)  
    O(3)     49(3)      47(3)      52(3)      -1(3)      -5(2)     -11(3)  
    N(2)     46(4)      47(4)      54(4)       7(3)      -6(3)       4(3)  
    N(3)     53(4)      41(4)      46(3)       0(3)       0(3)       2(3)  
    N(1)     34(3)      46(4)      42(3)      -1(3)       5(2)      -3(3)  
    O(2)     56(4)      25(3)      83(4)      -8(3)      -1(3)      -1(2)  
    C(12)    57(5)      63(6)      60(5)      -8(4)      -4(4)     -21(5)  
    C(6)     34(4)      52(5)      62(5)     -17(4)      -7(3)      10(3)  
    _______________________________________________________________________  
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Table C.5. Hydrogen coordinates ( x 10^4) and isotropic displacement parameters (A^2 
x 10^3) for 12a.  
           ________________________________________________________________  
   
                         x             y             z           U(eq)  
         ________________________________________________________________  
   
          H(2A)       11285          9077          2024          46  
          H(2B)        9958          8979          1830          46  
          H(8A)        6567         11323           929          62  
          H(8B)        7377          9386          1157          62  
          H(4A)       12153         13014          2350          64  
          H(4B)       11277         14614          2562          64  
          H(4C)       11370         14587          1973          64  
          H(7A)        6502          9319          1889          55  
          H(7B)        5607         11119          1658          55  
          H(9)         4438         10043           461          50  
          H(12A)       1360          3703           -25          92  
          H(12B)       1997          1557          -167          92  
          H(12C)       2004          3681          -509          92  
          H(6A)        7178         13650          1663          61  
          H(6B)        6996         12907          2219          61  
         ________________________________________________________________  
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Appendix D  
D.1 1H and 13C Spectroscopic Data of Functionalized Polytriazoles. 
 
 
Figure D.1. 
1
H NMR of  Tris((1-(4-vinylbenzyl)-1H-1,2,3-triazol-4-yl)methyl)amine 
(TVBTA). 
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Figure D.2. 
13
C NMR of Tris((1-(4-vinylbenzyl)-1H-1,2,3-triazol-4-yl)methyl)amine 
(TVBTA). 
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Figure D.3.  
1
H NMR of Tris((1-(4-(1,3,3,3-tetrachloropropyl)benzyl)-1H-1,2,3-triazol-4-
yl)methyl)amine (TBTA(CCl4)3). 
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Figure D.4. 
13
C NMR of Tris((1-(4-(1,3,3,3-tetrachloropropyl)benzyl)-1H-1,2,3-triazol-4-
yl)methyl)amine (TBTA(CCl4)3). 
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Figure D.5. 
1
H NMR of Tris((1-(4-(1,3,3,3-tetrabromopropyl)benzyl)-1H-1,2,3-triazol-4-
yl)methyl)amine (TBTA(CBr4)3). 
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Figure D.6. 
13
C NMR of Tris((1-(4-(1,3,3,3-tetrabromopropyl)benzyl)-1H-1,2,3-triazol-4-
yl)methyl)amine (TBTA(CBr4)3). 
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Figure D.7. 
1
H NMR of trimethyl 4,4',4''-(((4,4',4''-(nitrilotris(methylene))tris(1H-1,2,3-
triazole-4,1-diyl))tris(methylene))tris(benzene-4,1-diyl))tris(2,2,4-trichlorobutanoate) 
(TBTA(Cl3CCO2Me)3). 
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Figure D.8. 
13
C NMR of trimethyl 4,4',4''-(((4,4',4''-(nitrilotris(methylene))tris(1H-1,2,3-
triazole-4,1-diyl))tris(methylene))tris(benzene-4,1-diyl))tris(2,2,4-trichlorobutanoate) 
(TBTA(Cl3CCO2Me)3). 
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Figure D.9. 
1
H NMR of 4,4',4''-(((4,4',4''-(nitrilotris(methylene))tris(1H-1,2,3-triazole-4,1-
diyl))tris(methylene))tris(benzene-4,1-diyl))tris(2,4-dichlorobutanenitrile)) (TBTA(CHCl2CN)3). 
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Figure D.10. 
13
C NMR of 4,4',4''-(((4,4',4''-(nitrilotris(methylene))tris(1H-1,2,3-triazole-4,1-
diyl))tris(methylene))tris(benzene-4,1-diyl))tris(2,4-dichlorobutanenitrile)) (TBTA(CHCl2CN)3). 
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Figure D.11. 
1
H NMR of trimethyl 4,4',4''-(((4,4',4''-(nitrilotris(methylene))tris(1H-1,2,3-
triazole-4,1-diyl))tris(methylene))tris(benzene-4,1-diyl))tris(2,4-dichlorobutanoate) 
(TBTA(Cl2HCCO2Me)3). 
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Figure D.12. 
13
C NMR of trimethyl 4,4',4''-(((4,4',4''-(nitrilotris(methylene))tris(1H-
1,2,3-triazole-4,1-diyl))tris(methylene))tris(benzene-4,1-diyl))tris(2,4-dichlorobutanoate) 
(TBTA(Cl2HCCO2Me)3). 
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D.2 High Resolution Mass Spectroscopic Data of Functionalized 
Polytriazoles 
 
 
0
20
40
60
80
100
600 610 620 630 640 650
%
 A
b
u
n
d
a
n
c
e
m/z
[M+H
+
]
[M+Na
+
]
609.3592
631.3791
 
Figure D.13. HRMS of Tris((1-(4-vinylbenzyl)-1H-1,2,3-triazol-4-yl)methyl)amine 
(TVBTA). 
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Figure D.14. HRMS of Tris((1-(4-(1,3,3,3-tetrachloropropyl)benzyl)-1H-1,2,3-triazol-4-
yl)methyl)amine (TBTA(CCl4)3). 
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Figure D.15. HRMS of Tris((1-(4-(1,3,3,3-tetrabromopropyl)benzyl)-1H-1,2,3-triazol-4-
yl)methyl)amine (TBTA(CBr4)3). 
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Figure D.16. HRMS of Dimethyl 4,4'-(((4,4'-((((3-(4-(1,3,3-trichloro-4-methoxy-4-
oxobutyl)benzyl)-3H-pyrazol-5-yl)methyl)azanediyl)bis(methylene))bis(1H-1,2,3-
triazole-4,1-diyl))bis(methylene))bis(4,1-phenylene))bis(2,2,4-trichlorobutanoate) 
(TBTA(Cl3CCO2Me)3). 
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Figure D.17. HRMS of 4,4',4''-(((4,4',4''-(nitrilotris(methylene))tris(1H-1,2,3-triazole-
4,1-diyl))tris(methylene))tris(benzene-4,1-diyl))tris(2,4-dichlorobutanenitrile)) 
(TBTA(CHCl2CN)3). 
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Figure D.18. HRMS of Dimethyl 4,4'-(((4,4'-((((3-(4-(1,3-dihloro-4-methoxy-4-
oxobutyl)benzyl)-3H-pyrazol-5-yl)methyl)azanediyl)bis(methylene))bis(1H-1,2,3-
triazole-4,1-diyl))bis(methylene))bis(4,1-phenylene))bis(2,2,4-trichlorobutanoate 
(TBTA(Cl2HCCO2Me)3). 
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Appendix E  
 
Crystallographic Information  
 
Figure E.1. Crystal packing diagram of [Cu
I
(bpy)(-CH2=CHC6H5)][PF6]*1/2Sty (2). 
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Appendix F  
 
Data for Copper(I) Bipyridine and Phenanthroline Based Complexes and 
their Effect on Catalytic Activity in Cyclopropanation of Styrene 
 
Table F.1. Crystallographic data and experimental details for [Cu
I
(3,4,7,8-
Me4phen)(BPh4)]*3CH2Cl2 (1), Cu
I
(bpy)(BPh4) (2), Cu
I
(phen)(BPh4) (3) and [Cu
I
(2,9-
Me2phen)(CH3CN)][BPh4] (4).  
Compound 1 2 3 4 
formula 
color/shape 
formula weight 
crystal system 
space group 
temp, K 
cell constants 
a, Å 
b, Å 
c, Å 
, deg 
, deg 
, deg 
V, Å3 
Formula units/unit cell 
Dcalcd, gcm
-3 
, mm-1 
F(000) 
diffractometer 
radiation, graphite 
monochr. 
crystal size, mm 
 range, deg 
range of h,k,l 
reflections 
collected/unique 
Rint 
refinement method 
 
data/restraints/parameters 
GOF on F2 
final R indices [I>2(I)] 
R indices (all data) 
max. resid. peaks (e•Å-3) 
C43H42BCl6CuN2 
yellow/needles 
873.84 
monoclinic 
P2(1)/n 
120 
 
11.3092(9) 
22.4717(18) 
16.2473(13) 
90. 
95.5850(10) 
90. 
4109.4(6) 
4 
1.412 
0.955 
1800 
Bruker Smart 
Apext II 
Mo K 
(=0.71073 Å) 
0.45 x 0.08 x 0.05 
1.55<  < 27.08 
±14, ±28, ±20 
38649/9028 
0.0723 
full-matrix  
least-squares on F2 
9028/0/482 
0.900 
R1=0.0436, 
wR2=0.0941 
R1=0.0750, 
wR2=0.1038 
1.351 and -1.285 
C34H28BCuN2 
orange/prisms 
538.93 
monoclinic 
P2(1)/c 
150 
 
9.2143(11) 
33.258(4) 
9.2161(11) 
90. 
114.185(2) 
90. 
2576.3(5) 
4 
1.389 
0.875 
1120 
Bruker Smart 
Apex II 
Mo K 
(=0.71073 Å) 
0.38 x 0.20 x 
0.09 
1.22<  < 28.77 
±12, ±44, ±12 
27712/6651 
0.1323 
full-matrix  
least-squares on 
F2 
6651/0/344 
0.938 
R1=0.0474, 
wR2=0.1033 
R1=0.0875, 
wR2=0.1201 
0.771 and -
0.710 
C36H28BCuN2 
orange/prisms 
562.95 
monoclinic 
P2(1)/c 
150 
 
9.7342(7) 
32.7707(18) 
9.4081(5) 
90. 
117.0020(10) 
90. 
2674.0(3) 
4 
1.398 
0.846 
1168 
Bruker Smart 
Apex II 
Mo K 
(=0.71073 Å) 
0.40 x 0.30 x 
0.16 
1.24<  < 32.97 
±14, ±50, -
14≤l≤13 
35474/9501 
0.0573 
full-matrix 
least-squares on 
F2 
9501/0/361 
1.017 
R1=0.0362, 
wR2=0.0947 
R1=0.0544, 
wR2=0.1044 
0.490 and -
C40H35BCuN3 
yellow/prisms 
632.06 
Monoclinic 
P2(1)/n 
298 
 
11.770(4) 
19.641(7) 
14.404(5) 
90.12 
90.00(4) 
90. 
3330.0(19) 
4 
1.261 
0.688 
1320 
Bruker Smart 
Apex II 
Mo K 
(=0.71073 Å) 
0.35 x 0.25 x 
0.21 
1.75<  < 26.39 
±14, ±24, ±17 
28017/6744 
0.1740 
full-matrix 
least-squares on 
F2 
6744/0/409 
0.893 
R1=0.0456, 
wR2=0.0950 
R1=0.1232, 
wR2=0.1221 
0.195 and -
0.457 
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0.533 
 
 
Table F.2. Selected bond distances (Å) and angles (
o
) for 1-3. 
Cu
I
(3,4,7,8-Me4phen)(BPh4) (1) Cu
I
(bpy)(BPh4) (2) Cu
I
(phen)(BPh4) (3) 
Distances 
Cu(1)-N(1)   
Cu(1)-N(2) 
Cu(1)-C(1) 
Cu(1)-C(2) 
Cu(1)-C(3) 
Cu(1)-C(4) 
Cu(1)-B(1) 
C(1)-C(2) 
C(3)-C(4) 
B(1)-C(1) 
B(1)-C(3) 
B(1)-C(13) 
B(1)-C(19) 
Angles 
N(1)-Cu(1)-N(2) 
N(2)-Cu(1)-C(2) 
N(2)-Cu(1)-C(1) 
N(2)-Cu(1)-C(4) 
N(2)-Cu(1)-C(3) 
N(1)-Cu(1)-C(1) 
N(1)-Cu(1)-C(2) 
N(1)-Cu(1)-C(3) 
N(1)-Cu(1)-C(4) 
C(1)-B(1)-C(3) 
C(1)-B(1)-C(13) 
 
2.061(2) 
2.033(2) 
2.369(3) 
2.306(2) 
2.220(3) 
2.161(2) 
2.823(3) 
1.412(3) 
1.415(4) 
1.655(4) 
1.658(4) 
1.634(4) 
1.642(4) 
 
81.71(8) 
109.35(9) 
113.71(9) 
108.10(9) 
145.40(9) 
131.65(9) 
96.92(9) 
121.61(9) 
130.09(9) 
104.3(2) 
112.3(2) 
 
2.051(2) 
2.072(2) 
2.201(3) 
2.319(3) 
2.311(2) 
2.379(3) 
2.869(3) 
1.412(3) 
1.413(4) 
1.656(4) 
1.644(4) 
1.640(4) 
1.635(4) 
 
80.18(9) 
133.98(9) 
122.42(9) 
92.77(9) 
127.21(9) 
141.71(9) 
105.45(9) 
123.79(9) 
118.33(9) 
103.1(2) 
111.3(2) 
 
2.0668(12) 
2.0423(12) 
2.2640(13) 
2.2065(14) 
2.3575(13) 
2.2497(15) 
2.9007(16) 
1.410(2) 
1.4118(18) 
1.655(2) 
1.652(2) 
1.636(2) 
1.641(2) 
 
81.91(5) 
129.74(5) 
122.22(5) 
118.84(5) 
116.03(5) 
138.80(5) 
102.08(5) 
135.79(5) 
100.12(5) 
101.92(11) 
113.84(11) 
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Figure F.1. Packing diagram of [Cu
I
(BPh4)(3,4,7,8-Me4phen)]*3CH2Cl2 (1), shown with 
50% probability displacement ellipsoids. 
 
 
  
378 
 
Figure F.2. Packing diagram of Cu
I
(BPh4)(bpy) (2), shown with 50% probability 
displacement ellipsoids. 
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Figure F.3. Packing diagram of Cu
I
(BPh4)(phen) (3), shown with 50% probability 
displacement ellipsoids. 
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Figure F.4. Partial packing diagram of [Cu
I
(BPh4)(3,4,7,8-Me4phen)]*3CH2Cl2 showing 
weak C-HF interactions (dashed lines). 
 
 
Figure F.5.  Typical 6- and 2-coordination modes of tetraphenylborate anion to 
transition metal complexes, (a) Rh(BPh4)(diphos) and (b) Cu(BPh4)(CO)(en). 
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Table F.3. Selected bond distances (Å) and angles (
o
) for [Cu
I
(2,9-
Me2phen)(CH3CN)][BPh4] (4) and [Cu
I
(2,9-Me2phen)(CH3CN)][PF6] (5). 
Distances  Angles  
[Cu
I
(2,9-Me2phen)(CH3CN)][BPh4] (4) 
Cu1-N1 
Cu1-N2 
Cu1-N3 
N1-C1 
B1-C29 
B1-C35 
B1-C23 
B1-C17 
1.850(3) 
2.041(3) 
2.033(2) 
1.138(3) 
1.646(4) 
1.656(4) 
1.653(4) 
1.653(4) 
N2-Cu1-N3 
N1-Cu1-N3 
N1-Cu1-N2 
Cu1-N1-C1 
C2-C1-N1 
83.13(11) 
139.36(11) 
137.49(11) 
178.0(3) 
178.4(3) 
[Cu
I
(2,9-Me2phen)(CH3CN)][PF6] (5) 
Cu1-N1 
Cu1-N2 
Cu1-N3 
N3-C15 
2.037(6) 
2.011(6) 
1.854(6) 
1.117(8) 
N1-Cu1-N2 
N3-Cu1-N1 
N3-Cu1-N2 
Cu1-N3-C15 
N3-C15-C16 
83.3(2) 
136.3(3) 
139.9(3) 
172.7(7) 
179.3(9) 
 
 
 
 
 
Figure F.6. Molecular structure of [Cu
I
(2,9-Me2phen)(CH3CN)][BPh4] (4), shown with 
30% probability displacement ellipsoids.  H atoms have been omitted for clarity. 
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Figure F.7. Partial packing diagram of [Cu
I
(2,9-Me2phen)(CH3CN)][BPh4] (4) showing 
weak C-HC interactions of coordinated CH3CN (a) and 2,9-Me2phen (b) with BPh4
-
 
anion and - stacking interactions between 2,9-Me2phen ligands (c). 
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Figure F.8. Molecular structure of [Cu
I
(2,9-Me2phen)(CH3CN)][PF6] (5), shown with 
30% probability displacement ellipsoids.  H atoms have been omitted for clarity. 
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Figure F.9. 
1
H HMR spectrum (300 MHz, CD2Cl2, RT) of [Cu
I
(3,4,7,8-Me4phen)][BPh4]. 
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Figure F.10. Solid state FT-IR Spectrum of [Cu
I
(3,4,7,8-Me4phen)][BPh4]. 
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Figure F.11. Solid State FT-IR Spectrum of [Cu
I
(CH3CN)][BPh4]. 
  
387 
Table F.4. Comparison of key distances from crystal structure and B3LYP/6-31G(d) and 
MP2/6-31G(d) optimized structures of 2. On average the key bond distances of the 
B3LYP/6-31G(d) optimized structure differed from those of the crystal structure by 0.038 
Å, while the bond distances of the MP2/6-31G(d) optimized structure differed from the 
crystal structure by an average of 0.087 Å. 
Atoms
Crystal 
Structure
B3LYP/                  
6-31G(d)
MP2/               
6-31G(d)
C3-B2 1.656 1.673 1.651
C4-B2 1.644 1.673 1.651
C3-Cu1 2.201 2.169 2.039
C4-Cu1 2.309 2.161 2.034
C3-C7 1.412 1.426 1.436
C3-C8 1.414 1.422 1.424
C4-C9 1.413 1.427 1.436
C4-C10 1.414 1.422 1.424
Cu1-N5 2.073 2.059 1.987
Cu1-N6 2.051 2.054 1.985
B2-Cu1 2.870 2.741 2.582
Distance (Å)
 
 
 
 
Table F.5. Comparison of key distances from crystal structure and B3LYP/6-31G(d) 
optimized structure of 1. On average the key bond distances of the B3LYP/6-31G(d) 
optimized structure differed from those of the crystal structure by 0.030 Å. 
Atoms
Crystal Structure B3LYP/6-31G(d)
C3-B2 1.655 1.672
C4-B2 1.657 1.672
C3-Cu1 2.306 2.167
C4-Cu1 2.162 2.167
C3-C8 1.412 1.426
C3-C7 1.412 1.422
C4-C10 1.415 1.426
C4-C9 1.421 1.422
Cu1-N5 2.032 2.064
Cu1-N6 2.061 2.064
B2-Cu1 2.823 2.745
Distance (Å)
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Figure F.12. Overlay of crystal structure (shown in orange) and B3LYP/6-31G(d) 
optimized structure (shown in blue) of 2. 
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Figure F.13. Overlay of crystal structure (shown in orange) and MP2/6-31G(d) 
optimized structure (shown in blue) of 2. 
 
  
390 
 
Figure F.14. Overlay of crystal structure (shown in orange) and B3LYP/6-31G(d) 
optimized structure (shown in blue) of 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table F.6. Significant  donation from BPh4
-
 anion to copper(I) complexes 1 and 2.
a
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Donor Orbital Acceptor Orbital Charge Transfer (kcal/mol) 
Cu
I
(3,4,7,8-Me4phen)(BPh4) (1) 6-31+G(d) 6-311G(2d,p) 6-311++G(2d,p) 
C4-C3  bond 
C1-C2  bond 
B1-C4  bond 
B1-C2  bond 
C4-C3  bond 
C1-C2  bond 
SUM 
Cu n* 
Cu n* 
Cu n* 
Cu n* 
Cu n* 
Cu n* 
 
20.7 
20.7 
7.5 
7.5 
7.7 
7.7 
71.7 
12.4 
12.4 
6.1 
6.1 
3.0 
3.0 
43.2 
11.9 
11.9 
8.3 
8.3 
5.4 
5.4 
51.1 
Cu
I
(bpy)(BPh4) (2)    
C1-C2  bond 
C3-C4  bond 
B1-C3  bond 
B1-C1  bond 
C3-C4  bond 
C1-C2  bond 
SUM 
Cu n* 
Cu n* 
Cu n* 
Cu n* 
Cu n* 
Cu n* 
20.6 
20.9 
7.8 
7.7 
7.8 
7.6 
72.5 
12.6 
12.7 
6.3 
6.2 
3.1 
3.0 
44.0 
14.3 
14.2 
8.6 
8.5 
5.2 
5.0 
55.7 
a
Atom numbering is identical to Figure 1 in the main manuscript.  All calculations are 
NBO single points done with B3LYP and performed on B3LYP/6-31G(d) optimized 
structures. 
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Table F.7. -Backbonding interactions between copper(I) complexes 1 and 2 and BPh4
-
 
anion.
a
   
Donor Orbital Acceptor Orbital Charge Transfer (kcal/mol) 
Cu
I
(3,4,7,8-Me4phen)(BPh4) (1) 6-31+G(d) 6-311G(2d,p) 6-311++G(2d,p) 
LP(4) Cu 
LP(4) Cu 
LP(5) Cu 
LP(5) Cu 
SUM 
C1-C2 * 
C4-C3 * 
C4-C3 * 
C1-C2 * 
 
6.9 
6.8 
2.7 
2.6 
18.9 
3.1 
3.1 
8.4 
8.4 
22.9 
6.7 
6.7 
2.5 
2.4 
18.3 
Cu
I
(bpy)(BPh4) (2)    
LP(4) Cu 
LP(4) Cu 
LP(5) Cu 
LP(5) Cu 
SUM 
C3-C4 * 
C1-C2 * 
C3-C4 * 
C1-C2 * 
6.5 
6.8 
2.9 
2.2 
18.3 
8.0 
8.3 
3.4 
2.6 
22.3 
6.3 
6.4 
2.5 
2.0 
17.2 
a
Atom numbering is identical to Figure 1 in the main manuscript. All calculations are 
NBO single points done with B3LYP and performed on B3LYP/6-31G(d) optimized 
structures. 
 
 
 
 
 
 
